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ABSTRACT
Groundborne vibration from construction works can cause significant impacts on the 
environment, through damage to structures or disturbance of the occupants of buildings. 
Reliable prediction of the extent of such impacts can be a benefit to the cost and public 
tolerance of the works and to the effects on the wider environment. This thesis addresses the 
prediction of vibration caused by four mechanised civil engineering activities: percussive and 
vibratory piling, and dynamic and vibratory compaction.
New field data are presented and analysed. These data have been compared with predictors in 
the literature for vibration from piling and dynamic compaction. The dearth of information in 
the literature relating to groundborne vibration from vibratory compaction stimulated a 
particular emphasis on the study of vibrating rollers.
For dynamic compaction, it was found that the existing empirical predictive equation provided 
a reliable estimate of groundborne vibration, provided that its use was restricted to vdthin the 
ranges of the parameters from which it was determined.
For vibration caused by percussive piling, a number of limitations were identified in the existing 
prediction formulae. A modified empirical predictor is proposed based on a combination of the 
literature and the new data. For vibratory piling, it is demonstrated that the magnitude of 
vibration is not related to the nominal energy per cycle of the vibrodriver, although this is the 
basis of the predictors in the literature. A new empirical prediction equation for groundborne 
vibration from vibratory piling is proposed.
The vibration arising from vibrating rollers is shown to be dependent upon those factors 
reported in the literature to determine the efficiency of a vibrating roller to achieve compaction. 
A new prediction equation is proposed which relates the groundborne vibration to the nominal 
amplitude of the vibrating drum.
For ease of application, all the predictors proposed are based on parameters which are provided 
by plant manufacturers in their data sheets and the distance from the source. The ranges for 
each parameter from which the predictors were developed is specified: it is recommended that 
the predictors are not used outside these ranges.
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Principal notation
The following list presents the main symbols used in this thesis. The symbols are also defined 
in the text where they appear. Additional symbols have also been used in a number of places, 
such as during the derivation of equations, but do not appear elsewhere in the text. Such 
symbols are described where they are used and are not included in the following list.
A Pile cross sectional area.
Aj. Surface area of the wavefi'ont of a body wave.
Cp Compressional wave propagation velocity.
c,. Rayleigh wave propagation velocity.
Cs Shear wave propagation velocity.
d  Distance measured along the ground surface from source to point of interest.
Djjjeix Maximum depth of influence of dynamic compaction.
e Base of natural logarithms.
/  Frequency of vibration.
Fj. Dynamic (centrifugal) force.
g  Acceleration due to gravity.
G Shear modulus.
h Height of drop of dynamic compaction tamper.
/  Pile impedance.
k Empirical scaling factor (Equation 2.4).
kf Spring constant of fill.
kp Empirical scaling factor for vibration from percussive piling.
ks Empirical scaling factor for vibration during steady state operation of vibrating rollers.
kf Empirical scaling factor for vibration during transient stages of operation of vibrating
rollers.
k^  Empirical scaling factor for vibration during vibratory piling.
4  Length of surface wave wavefront.
L Pile toe depth below the ground surface.
Width of the vibrating drum of a roller.
Lf Length of side of a dynamic compaction tamper.
m Mass of dynamic compaction tamper.
Mass of roller vibrating drum.
TMg Mass of each rotating eccentric in a vibrodriver or vibrating roller.
Total vibrating mass during vibrodriving.
Mj. Total eccentric mass of aU rotating masses in a vibrodriver.
n Number of eccentric masses in a vibratory system.
Number of vibrating drums of a vibrating roller. 
r General distance term ie may refer to either or both d  and s.
R Radius of rotation of eccentric mass.
s Slope (shortest) distance from pile toe to the point of interest.
/ Time.
T Acoustic transmission coefficient.
V Peak particle velocity: method of specification not given.
J Peak true resultant particle velocity at a distance d  from a pile with toe depth L.
Peak true resultant particle velocity, 
v'yg; Peak pseudo (or simulated or SRSS) resultant particle velocity.
xvni
Vy Peak vertical component particle velocity.
Peak horizontal radial component particle velocity.
Vy Peak horizontal tangential component particle velocity.
Vy Travel speed of vibrating roller.
W Nominal piling hammer energy.
We Nominal energy per cycle for vibrodrivers and vibrating rollers.
Wfj Potential energy of raised dynamic compaction tamper.
Ws Static linear load of vibrating roller.
X Instantaneous amplitude of vibrating roller drum.
X  Nominal amplitude of vibration of roller vibrating drum.
Xp Maximum amplitude of vibrodriver vil^ration.
y   ^ Index relating particle velocity and scaled distance (Equation 2.4).
Z Acoustic impedance.
a  Material damping coefficient,
p Geometric attenuation index.
Y Pseudo-attenuation index for root mean square particle velocity in one-third octave 
frequency bands.
Ô Pseudo-attenuation index for peak particle velocity.
Dynamic strain.
8p Estimated potential energy of vibrating drum of a roller (Equation 4.14).
X Empirical index relating and (Equation 4.2).
V Poisson’s ratio,
p Mass density.
(j) Empirical index relating and Fj (Equation 4.12).
(0 Angular frequency.
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1 INTRODUCTION
In our increasingly environmentally accountable society, there exists a requirement to consider 
and limit the impact of all construction works on both the public and the wider environment. 
Impacts can take many forms, such as airborne noise, groundborne vibration, visual intrusion, 
dust and smoke, etc. Local authorities have legal power to suspend works if the intrusion 
caused by such impacts is considered to present a risk to health or to cause a nuisance. 
Injunctions can be costly, through lost construction time and procurement of alternative, less 
intrusive plant. It is beneficial both financially and in terms of public relations if, from the 
outset, plant and operations can be planned with awareness of environmental effects, but 
without the imposition of excessive restrictions.
This thesis considers one such environmental impact: groundborne vibration. In general, the 
highest magnitudes of vibration generated by construction works arise from blasting. 
Consequently, a large volume of research has been undertaken which has allowed reliable 
vibration prediction methods to be developed (for example, Siskind et al 1980; New 1986; 
Dowding 1996). Significant vibration can also be caused by mechanised construction activities 
such as piling, compaction, ground improvement and excavation. The diversity of these 
vibration sources and the complexities of the interaction between the source and the ground has 
meant that a variety of methods for predicting vibration from these activities has been proposed, 
but with little consideration being given to some potentially significant issues.
The current research has considered four mechanised sources of groundborne vibration 
associated with civil engineering works undertaken using plant operated from the ground 
surface: dynamic compaction, percussive and vibratory piling, and vibratory compaction. Other 
sources of vibration can occur on construction sites which have not been considered during the 
current study, such as vibro-replacement, tracked vehicle movements and construction trafBc. 
Vibration data from such sources, acquired during the current research but which are outside 
the scope of this thesis, have been presented by Hiller and Crabb ( 1999). A review of vibration 
from underground construction works was given by Hiller and Bowers (1997).
1.1 Historical development of groundborne vibration assessment
The detrimental effects of groundborne vibration which arises from human activities have been 
observed for many years. Newman (1890) commented that groundborne vibration from trains 
could affect the stability of slopes and cause movements in otherwise stable retaining walls. 
The effects of vibration from machinery has also been considered (Newman, 1890; Bomitz 
1931; Barkan 1962). In addition to the effects of vibration on stmctures, the disturbance of 
people by groundborne vibration is well documented. For example, disturbance by vibration 
from underground trains was reported shortly after the opening of the Central London Railway
(currently the Central Line of the London Underground) in 1900 (Croome and Jackson 1993). 
The assessment of disturbance by vibration commonly draws on work undertaken some 70 
years ago (Reiher and Meister 1931).
The potential for mechanised civil engineering works to cause problematic vibrations has a long 
history, particularly with regard to pile driving. For example, Ferahian (1968) noted that more 
than 60 years ago van der Haeghen (1938) undertook a study of vibration from pile driving 
close to a cathedral. Similar investigation are still required in some situations, but the 
development of empirical prediction formulae has enabled preliminary investigation of vibration 
arising from piling to be undertaken by desk study. However, relatively little consideration has 
been given to the prediction of groundborne vibration which is caused by the operation of 
vibratory compaction plant, despite the extensive study of the use of vibration to increase the 
efficiency of compaction plant undertaken since vibratory compactors were introduced in the 
1930s (Section 2.3.3.1).
Groundborne vibration arising from piling operations may have been the subject of a greater 
amount of investigation than the other mechanised construction activities considered in the 
current study because of the common locations of their respective use. Piling is commonly 
required for developments in urban areas, often in the vicinity of existing structures and 
therefore close to people who may be adversely affected by the works. Conversely, heavy 
compaction plant are commonly, although not exclusively, used remote from areas of dense 
population, such as during construction of earth dams or motorway earthworks. There may 
therefore be fewer cases in which groundborne vibration from compaction operations give 
cause for complaint than those which relate to piling works.
1.2 The current research
The objectives of the current study were:
i) to identify the formulae available in the literature which have been proposed fi)r the 
prediction of groundborne vibration caused by four civil engineering activities, namely 
dynamic compaction, percussive and vibratory piling, and compaction using vibratory 
rollers;
ii) to assess the predictive formulae which are available in the literature by comparison 
with new field data acquired during the current research;
iii) to attempt to determine, by analysis of the new field data, appropriate parameters which 
can be used as a basis for vibration prediction;
iv) through a combination of the information obtained from the literature and the analyses 
of the new field data, to develop and propose revised formulae for the preliminary 
prediction of groundborne vibration arising from the four civil engineering activities 
considered.
The results of the current research would improve confidence in the use of those predictors 
which have been proposed previously or may identify limitations to their validity. This would 
ensure that they are only used in circumstances where they are applicable. In general, the 
predictors in the literature have been based on empirical studies and the approach developed 
for prediction of vibration from one activity has been applied to other vibration sources. 
Identification of appropriate parameters which determine the magnitude of vibration, specific 
to each type of construction activity, would provide a rational basis for the prediction of 
vibration firom ah the sources considered.
Reliable vibration predictions can play an important role during environmental impact 
assessments by enabling identification of susceptible locations which may benefit firom a public 
relations campaign or which may require p^ative  measures. Such predictions can be 
financiaUy beneficial to construction works by minimising the environmental intrusion caused 
by groundborne vibration without placing excessive restrictions on the construction process. 
Restrictions can result in increased construction times and consequently greater costs. In 
addition, delays which may arise through suspension of the works, as a result of the selection 
of inappropriate plant for use in sensitive locations, may also be avoided.
The structure of the remainder of this thesis is as foUows. The literature review presented in 
Chapter 2 describes previous studfos of groundborne vibration arising fi*om the four 
construction activities considered here. In addition, national standards which provide guidance 
on disturbance and damage by groundborne vibration are compared. Chapter 3 describes the 
data acquisition undertaken during the current study, including the testing of vibrating rollers 
on a pilot scale earthwork. Chapters 4 and 5 present the analyses of the field data acquired 
during the present study. For each of the four construction activities considered during the 
current research. Chapter 4 considers the validity of using the nominal energy of mechanical 
sources for the prediction of vibration and describes the investigation of other parameters which 
may affect the magnitude of vibration. Chapter 5 describes the interpretation of the spatial 
distribution of magnitudes of groundborne vibration at the ground surface. The findings of 
Chapters 4 and 5 are brought together in Chapter 6, in which the practical implications of the 
interpretation of the field data are discussed and formulae are presented for the prediction of 
groundborne vibration firomthe four activities considered during this research. The conclusions 
reached from this research are presented in Chapter 7. Table 7.1 provides a summary of the 
recommended formulae for the prediction of groundborne vibration. Figures are presented at 
the end of each chapter.
Appendix A presents a list of the author’s publications which relate to the current research. 
Appendix B provides photographs of the vibrating rollers investigated during the controlled 
experiment described in Chapter 3. Appendix C is a compact disc containing the field data 
acquired during this study which are presented in a series of spreadsheets.
2 LITERATURE REVIEW
The detrimental effects of groundborne vibration which arise from human activities have been 
observed for many years. Newman (1890) commented that vibration could affect the stability 
of slopes and cause movements in otherwise stable retaining waUs. Newman also noted that 
vibration could be beneficial in pile driving, but equally that the bearing capacity of piled 
foundations could be compromised by vibrating machinery. In addition to its effects on 
structures, the disturbance of people by vibration is also well documented; the classic paper 
quantifying human response to vibration is nearly 70 years old (Reiher and Meister 1931).
The environmentally intrusive effects of construction works can take many forms, such as 
airborne noise, groundborne vibration, visual intrusion, dust and smoke. Many of these issues 
are covered by the Control of Pollution Act (1974) and the Environmental Protection Act 
(1990), which give Local Authorities powers to suspend works if the intrusion is “prejudicial 
to health or a nuisance” (Environmental Protection Act 1990, p. 87). The current research is 
concerned with one of these issues, that of groundborne vibration. It is beneficial both 
financially and in terms of public relations if, from the outset, adequate consideration is given 
to vibration prediction and the choice of appropriate working practices, which may then limit 
the need to impose restrictions on the construction process (Hiller and Hope 1998).
In order to assess vibration impacts, it is necessary to specify appropriate descriptive 
parameters and appreciate at what magnitude vibration may become a problem. This Chapter 
describes the parameters used to define vibration. Current British and other national standards 
which specify damage and intrusion criteria are also reviewed. The current state of the art in 
vibration prediction is described for the four sources of vibration with which the current 
research is concerned: dynamic compaction, percussive and vibratory piling, and vibratory 
compaction.
2.1 Vibration parameters
Groundborne vibration consists of complex ground motions which vary both temporally and 
spatially in their magnitude, frequency and duration. The magnitude at any point, or at any 
time, may be defined as a peak magnitude attained during a specified interval or by calculation 
of some average value over that period. The magnitude may be quantified in terms of the 
dynamic displacement, velocity or acceleration. The effect of vibration on both structures and 
on humans is dependent not only upon the magnitude of vibration, but also upon the frequency 
content and whether the vibration is continuous or varies in magnitude and frequency with time. 
Quantification of groundborne vibration is therefore complex and, for practical convenience, 
requires a means of presenting a manageable number of parameters which can adequately 
describe the vibration, without the loss of relevant information.
Exposure of the human body to vibration, such as when travelling in a vehicle or through the 
operation of machinery, is usually measured in terms of acceleration (Griffin 1998). Human 
response to vibration is frequency dependent when specified in terms of acceleration but, in the 
range of frequencies typically generated within structures by civil engineering works, human 
perception is independent of frequency when quantified in terms of velocity (British Standards 
Institution 1992a).
The assessment of the susceptibility of structures to damage is commonly measured in velocity 
terms, except at frequencies below 4Hz, where the British Standards Institution specifies 
damage thresholds in terms of displacement (British Standards Institution 1993). The particle 
velocity is used in most cases because this is the parameter which has been found to correlate 
best with the onset of damage (Siskind et al 1980). Furthermore, the particle velocity is 
proportional to the dynamic strain induced during the passage of a wave; it is strain which 
causes damage (New 1986).
Assessment of the potential for groundbome vibration from civil engineering works to cause 
both damage and intrusion can be made with a single set of field measurements of particle 
velocity. This gives measurement in terms of velocity a practical advantage over displacement 
or acceleration measurement. Field measurement of vibration is commonly made using 
geophones, which are self generating, giving an output which is proportional to velocity, and 
have a low output impedance, enabling their use with long cable lengths (Crabb et al 1991). 
They are also ruggedly designed, making them well suited to field use (New 1982). The 
parameter most often used for the quantification of groundbome vibration is therefore the peak 
particle velocity (Maguire and Wyatt 1999), abbreviated to ppv. The prefixpeakxekxs to the 
maximum magnitude achieved during a specified period of time.
The motion of the ground during vibration can be resolved into three orthogonal components, 
usually being the vertical and two perpendicular horizontal components. There exist a number 
of means by which the ppv may be specified, which can present difficulties when attempting to 
compare field data from different sources (Hiller and Bowers 1997). In the literature, the ppv 
has been defined in four ways:
i) The peak value attained by any one of three mutually perpendicular components
^V,maxi ^R,max^
ii) The peak value attained by the vertical component (v^.^).
iii) The vector sum of the maximum of each component regardless of whether these
individual component maxima occurred simultaneously:
K e s  = P - 1]
iv) The true resultant, which is the maximum value of the instantaneous vector
summation of the three components:
V =  res [2.2]
The subscripts to the component particle velocities, V, R and T, refer to vibration in the vertical 
and two horizontal directions. R is the horizontal component parallel to the direction from the 
source to the receiver and T is the horizontal component normal to R. Although the resultant 
vibration magnitude may be determined from components measured in any three orthogonal 
directions, F, R and T are commonly used in the literature (Attewell et al 1992a).
Current national standards which give guidance on magnitudes of vibration which may be 
damaging to structures (reviewed in Section 2.2.1) specify thresholds in terms of the 
component ppv which occurs in any one direction. Even though Wiss (1967) observed the 
need to make three dimensional measurements of vibration, as recently as 1992, Whyley and 
Sarsby recommended that “effort should be concentrated on the measurement of vertical 
vibrations” (Whyley and Sarsby 1992; p. 33). Uniaxial measurement at any location can lead 
to significant underestimation of the vibration magnitude. In particular, Hiller and Hope (1998) 
have shown that measurement of only the vertical component of vibration may lead to 
measurement of vibration which is as little as 6 per cent of the true resultant ppv.
The ppv (v rgj calculated as described in Equation 2.1 above was referred to by Skipp (1984) 
as the square root of the sum of squares (SRSS) resultant ppv; by New (1986) as the pseudo 
resultant ppv; and by Head and Jardine (1992) as the simulated resultant ppv. This method of 
calculating a resultant value yields a conservative measure of vibration (Skipp 1998). From 
analysis of field data, Hiller and Hope (1998) reported that the pseudo resultant may 
overestimate the true resultant by a factor of 1.6. The theoretical maximum overestimation of 
the true resultant which can arise by the use of the pseudo resultant would occur if the maxima 
of the three orthogonal components were of equal magnitude but each occurred at a time when 
the magnitude of vibration in the other two directions was zero (Figure 2.1). The ratio of the 
pseudo to the true resultant value would be V3 in this case. Calculation of the true resultant 
ppv, which yields an accurate measure of the true maximum vibration magnitude which occurs 
at any point, has only been made easily possible by digital data acquisition methods (Skipp 
1998).
Human response to vibration is dependent not only upon the magnitude and frequency of 
vibration but also upon the duration of exposure. An average measure of the vibration 
magnitude during the period of exposure provides a better indication of disturbance than does 
the peak value (Griffin 1998). Vibration exposure can be quantified through calculation of the 
vibration dose value (British Standards Institution 1992a) which is dependent upon the 
magnitude and duration of the waveform and how the magnitude changes with time.
The type of construction operation dictates the temporal variation of vibration and therefore 
affects any average value calculated for the vibration. The British Standard relating to piling 
induced ground vibration (British Standards Institution 1992b) describes three types of 
vibration: continuous, transient and intermittent vibration. Wiss (1981) suggested a fourth 
term, the pseudo steady state, to describe waveforms with a random nature or those which arise 
from a series of impacts separated by intervals which are insufficiently short for one event to 
decay before the arrival of the next vibration event. These four types of vibration are illustrated 
in Figure 2.2.
Continuous vibrations are generated by reciprocating machinery such as vibratory pile drivers 
and vibratory compaction plant (Dowding 1996). Intermittent vibrations occur cloÈe to 
percussive piling hammers, for example, while pseudo steady state vibration may occur at 
distance from Sources of intermittent vibration, where spreading of the waveform causes the 
coda of the wave from one impact to overlap the first arrival of the next (Wiss 1981). Transient 
vibrations would arise from blasting or from an isolated hammer blow, such as might occur 
during the initial setting of a pile.
2.2 Thresholds for damage and intrusion
Problems caused by groundbome vibration may take one of three forms. The most severe cases 
of vibration may cause damage to existing stmctures, although this is uncommon during 
construction works (Siskind et al 1980). The two more common impacts arise from vibration 
which is perceptible to the occupants of buildings, or which generates noise by causing elements 
of a stmcture to vibrate as a result of excitation by groundbome vibration (Figure 2.3). Such 
noise is termed re-radiated or grotmdbome noise (Gutowski et al 1977; Kurzweil 1979; Greer 
1993). Intmsion caused by groundbome noise is usually restricted to subsurface activities such 
as tunnelling (Hiller and Bowers 1997). There is currently little guidance available on 
magnitudes of intmsion caused by groundbome noise, although disturbance thresholds for 
residential areas have been published by the American Public Transit Association (1981) for 
disturbance from underground railways. Groundbome noise was not considered in the current 
research because it is not relevant to the constmction activities considered. Further research 
is ongoing elsewhere into groundbome noise arising from tunnel constmction (Bowers and 
Hiller 1999).
Intmsion is more common than damage because the magnitudes of vibration which are 
perceptible are at least an order of magnitude smaller than those which may cause damage 
(Section 2.2.2). Vibration impacts may therefore be classified according to whether the 
magnitudes are sufficient to be damaging or intmsive. Section 2.2.1 describes current guidance 
on the magnitudes of vibration which are considered by different national standards to present
a risk of damage. Section 2.2.2 describes magnitudes and methods for assessment of intrusion 
by perceptible vibration.
2.2.1 Thresholds for damage
While the potential for groundbome vibration to cause damage to structures has been 
appreciated for many years (Newman, 1890), it is only recently that a national standard defining 
acceptable magnitudes of vibration in the UK has been available (British Standards Institution 
1993). The relevant British and other national standards ate discussed in this sub-section.
2.2.1.1 Requirements in the UK
There are two extant British Standards which offer advice on magnitudes of vibrations at which 
damage may be caused to stmctures: BS 5228 : Part 4 : 1992 and BS 7385 : Part 2 : 1993. 
The latter document, based on a survey of UK damage data and experience fi*om overseas 
(Malam 1993), is more wide ranging than the former, which is specifically related to 
groundbome vibration fi*om piling.
BS 7385 consists of two parts. Part 1 (British Standards Institution 1990a) describes the 
principles for carrying out vibration measurements and processing the data. Part 2 of the 
Standard (British Standards Institution 1993), suggests magnitudes at which the follo\ying three 
categories of damage might occur:
Cosmetic The formation of hairline cracks on drywall surfaces, or the growth of existing
cracks in plaster or drywall surfaces; in addition, the formation of hairline cracks 
in mortar joints of brick/concrete block constmction.
Minor The formation of large cracks or loosening and falling of plaster or drywall
surfaces, or cracks through bricks/concrete blocks.
Major Damage to stmctural elements of the building, cracks in support columns,
loosening of joints, splaying of masonry cracks, etc.
BS 7385 specifies vibration thresholds in terms of the p^v. Limits for transient vibration at 
frequencies between 4Hz and 250Hz above which cosmetic damage could occur are 
reproduced in Figure 2.4. Minor damage is considered possible at vibration magnitudes which 
are twice those given and major damage to a building stmcture may occur at magnitudes 
greater than four times the values illustrated in Figure 2.4. At frequencies below 4Hz the 
damage threshold is specified in terms of the peak particle displacement.
The BS 7385 : Part 2:1993 guide values, presented in Figure 2.4, relate to transient vibrations 
and to low rise buildings. Lower threshold values are specified for continuous vibration than
for intermittent vibration because of the potential for dynamic magnification of continuous 
vibrations by elements of structures. This Standard states that the guide values may need to 
be reduced by up to 50 per cent for continuous vibration. However, it is noted in the Standard 
that cases where continuous vibration has caused damage to buildings are too few to 
substantiate the guide values but they are based on common practice.
The second British Standard which givesguidance on thresholds for damage to structures by 
groundbome vibration is BS 5228 : Part 4 (British Standards Institution 1992b) which relates 
specifically to vibration fi*om piling operations. A conservative threshold for minor or cosmetic 
damage to residential property of lOmm/s for intermittent vibration and 5mm/s for continuous 
vibration is recommended. The threshold magnitudes from BS 5228 are lower than those from 
BS 7385. The two sets of threshold values are compared in Figure 2.5. It is of interest to note 
that vibration thresholds are specified in both of these British Standards as peak component 
particle velocities rather than as resultant values. BS 7385 : Part 2 :1993 states that thresholds 
are specified as component particle velocities because the majority of data on which the guide 
values were based were reported in terms of peak component particle velocity (British 
Standards Institution 1993).
2.2.1.2 Requirements in other countries
Reviews of vibration standards in use outside the United Kingdom have been given by 
Broadhurst et al (1984), New (1986), Attewell (1995) and Skipp (1998). This Section 
supplements the information presented by these authors and updates it where this has been 
possible.
Part 3 of the German standard DIN 4150 (Deutsche Norm 1986), which gives guidance on the 
effects of vibration on stmctures, was updated in 1986 from the 1975 version (Deutsche Norm 
1975) to give a more detailed specification in terms of the frequency dependency of damage. 
A further change was that the earlier version presented threshold values in terms of resultant 
peak particle velocities, whereas the 1986 revision specifies thresholds in component ppv. For 
continuous vibration, DIN 4150 Part 3 specifies that a horizontal vibration of up to 5mm/s for 
the whole stmcture and lOmm/s for building components, measured at the uppermost storey, 
is acceptable for frequencies of up to lOOHz.
The French Standard (Ministère de l’Environnement 1986) categorises a wide range of 
stmctures, foundation types and ground conditions, for which different vibration limits are 
recommended. Threshold values are presented for individual elements of the stmcture, for 
frequencies from 4 to lOOHz. Higher (unspecified) magnitudes of vibration are allowable at 
higher frequencies. The limits are similar to those specified by the Swiss Standard (Schweizer 
Norm 1992).
Unlike the majority of the national standards which have been obtained during the current 
review, the guidelines given by the Indian Standards Institution (1973; see Attewell 1995) and 
the Standards Association of Australia (1993) specify damage thresholds which gre independent 
of the vibration frequency. The damage thresholds relate to the use of explosives, and are 
therefore concerned with transient vibrations. The Australian standard provides limiting ppvs 
based on both structural integrity and consideration of human discomfort. Logan and 
Sutherland (1997) reported that guidance in New Zealand is given in NZS 4403:1976 
(Standards New Zealand 1976), but since the detail provided is limited, reference is commonly 
made to the relevant Australian or German standards. The Austrian standard, reviewed by 
Attewell (1995), is similar to the Australian standard, inasmuch as damage thresholds are 
independent of frequency. However, the magnitudes of vibration permitted by the Austrian 
standard are higher than the threshold values in Australia.
The American standard (Acoustical Society of America 1990) uses a different approach to 
those of other national standards and is therefore not readily comparable with those described 
above. The American Standard requires that measurements are made on elements of the 
structure of interest. The vibration data are then converted to dynamic stresses and related in 
structural terms to the allowable stresses.
The Adopted European Prestandard Eurocode 3, Part 5 (CEN1998) presents the most recently 
published guidance on vibration damage to structures. This document recommends the same 
thresholds as those given by the British Standard relating to piling vibrations (British Standards 
Institution 1992b). The CEN document acknowledges that the guidance given is conservative: 
it is stated that the imposition of the prescribed limits would result in a low probability of even 
minor cosmetic damage occurring.
Swedish limits for damage by groundbome vibration were presented by Persson et al (1980). 
The quoted guidance values are among the least stringent of all the standards reviewed here. 
Swedish vibration limits are specified for stmctures founded on hard rock. Higher magnitudes 
of vibration may therefore be permissible than would be acceptable for stmctures founded on 
soil because, for a given ppv, dynamic strains are lower in rock than those in soils because of 
the different stif&iesses (New 1986). Vibration limits specified in Finland (Vuolio 1990), 
derived from Langefors and Kihlstrom (1978), also relate to blasting vibration. The Finnish 
requirements provide the only guidance which explicitly specifies vibration thresholds with a 
dependency on the compressional wave propagation velocity. Damage to stmctures caused by 
vibration occurs through dynamic straining during the passage of the wave (New 1986). The 
maximum dynamic strain (e j  is determined by the conq)ressional propagation velocity (Cp) and 
the ppv (v^gj by the expression;
^  [2.3]
p
1 0
The threshold values of ppv for structures founded on three categories of rocks quoted by 
Vuolio (1990) correspond to approximately 20 to 30 microstrain (Figure 2.6)
The guidance given by the various national standards for vibration damage thresholds for 
domestic buildings exposed to transient vibration is summarised in Figure 2.7. There is 
considerable difference between the magnitudes of vibration that are acceptable in different 
countries. New (1986) reported that, in general, the more recent the standard the more 
conservative were the specified vibration limits. The British Standard BS 7385 : Part 2 (British 
Standards Institution 1993) reversed this trend but the European guidance on vibration fi*om 
piling (CEN 1998) has reverted to ^ greater degree of conservatism.
2.2.2 Thresholds of perception and disturbance
Assessment of disturbance by groundbome vibration must consider both the magnitude of 
vibration and the duration for which the vibration will be experienced. An indication of the 
potential for disturbance may be better determined through calculation of a vibration magnitude 
averaged over the duration of the event rather than by a peak value (Griffin 1998). If the 
vibration is intermittent, contains shocks or comprises a series of events separated by quiescent 
periods, a reliable estimation may be achieved through calculation of the vibration dose value 
(VDV), which is calculated from the root mean quad (rmq) velocity or acceleration (British 
Standards Institution 1987). Brodowski (1990) considered the VDV to provide a significant 
advance in the assessment of intmsion, whereas Trevor-Jones (1993) and Jefferson (1998) have 
identified a number of problems with the approach.
Intmsion assessment also requires consideration of the direction of the vibration relative to the 
orientation of the recipient, the time of day and the location of the recipient. For brevity, the 
following review compares recommended acceptable peak particle velocities for z-axis (parallel 
to the spine. Figure 2.8) vibration during the daytime (typically 07:00 to 23:00) within 
residential buildings. Vibration magnitudes for the threshold of perception, described as base 
curves (British Standards Institution 1992a), are also compared.
2.2.2.1 Requirements in the UK
Guidance on human response to exposure to vibration in buildings is given by BS 6472 (British 
Standards Institution 1992a) which specifies threshold values which take account of the 
different sensitivity of hiûnans to up-and-down and side-to-side vibrations. Although BS 6472 
recommends that measurements are made in terms of particle accelerations, thresholds are 
presented in terms of both particle accelerations and velocities, the two sets of curves being 
related through an assumption of sinusoidal oscillation.
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Base curves are presented in BS 6472 which define the lowest perceptible magnitudes of 
vibration. The lowest threshold value is for z-axis vibration and has a value of 0.141mm/s at 
fi-equencies between 8Hz and 80Hz. At fi-equencies below 8Hz the perception threshold in 
velocity terms rises, reflecting the lowCr sensitivity of humans to low fi'equency vibration. In 
acceleration terms, the greatest sensitivity occurs at frequencies of between 4Hz and 8Hz, 
which corresponds to the resonance frequency of the trunk (Coermann 1960; cited by 
Wasserman 1997). For vibration in the x- and y-axis directions (Figure 2.8) the threshold 
values are highef than those for vibration parallel to the z-axis. The base curves specify 
thresholds of perception which are applicable to the most sensitive locations such as hospital 
operating theatres and precision laboratories. Multiplying factors are given to specify 
acceptable magnitudes of vibration for other environments and for different times of day. The 
appropriate multiplying factor is also dependent upon whether the vibration is continuous or 
impulsive.
Figure 2.9 compares the human perception thresholds with those for the onset of building 
damage, as specified by the British Standards Institution. The difference in the magnitudes of 
vibration which cause intrusion and damage is apparent from Figure 2.9 and illustrates why 
disturbance by vibration is relatively common whereas building damage which can be attributed 
to the dynamic effects of vibration from construction works is comparatively rare.
BS 6611 (British Standards Institution 1985) provides guidance to the evaluation of the 
response of the occupants of buildings to vibrations at frequencies between 0.063Hz and IHz, 
which are lower than the frequencies covered by BS 6472. The frequencies covered by this 
Standard are below those normally encountered in civil engineering works and are also below 
those which the majority of propriety vibration monitoring equipment is capable of measuring. 
Consequently BS 6611 is not considered further here.
2.2.2.2 Requirements in other countries
The foreword to the British Standard on the evaluation of human perception to vibration 
(British Standards Institution 1992a) states that the relevant International Standard, ISO 2631 
: Part 2 (International Organization for Standardization 1989), does not contain sufficient 
information to enable a proper evaluation of human response to vibration in buildings. The 
British Standard therefore updates the International Standard. However, ISO 2631 : Part 2 
remains extant in some countries, such as Australia (Standards Association of Australia 1990) 
and New Zealand (Standards New Zealand 1989).
The Acoustical Society of America (ASA) defines thresholds for disturbance by vibration of 
the occupants of buildings (ASA 1983) based on guidance given on reaction of humans to 
vibration transmitted to the human body as a whole (ASA 1979). Thresholds are specified as
1 2
Country Standard Component
particle
velocity
parameter
Base curve particle 
velocity (mm/s)
Lowest limits for 
residential property 
(mm/s)
x/yaxes
(2-80Hz)
z axis 
(8-80HZ)
Day Night
UK BS 6472 : 1992 peak 0.402 0.141 0.804-1.608 0.563
USA ANSI S3.29 - 1983 rms 0.290 0.100 0.140-0.400 0.1-0.14
Australia AS 2670.2 - 1990 
(ISO 2631/2 - 1989)
rms 0.287 0.0995 0.574-1.148 0.402
Table 2,1 Threshold values for human perception specified by national standards.
root mean square (rms) velocities. Assuming sinusoidal vibration, the thresholds are the same 
magnitude as those specified by BS 6472 (British Standards Institution 1992a), which are 
quoted as peak values.
Table 2.1 compares the threshold values for intrusion given by the British, American and 
Australian standardising authorities. The base curve values are all similar but the acceptable 
limits within residential properties differ, being lowest in America. Given the variability in 
tolerance of humans to vibration it is interesting to note that the threshold values specified by 
the various standardising authorities are presented with up to four significant figures.
Adopted European Prestandard Eurocode 3, Chapter 5 (CEN 1998) is concerned specifically 
with the appraisal of vibration arising from pile driving. CEN (1998) adopts a different 
approach to intrusion assessment to that given by other standards, recognising that human 
tolerance is dependent upon the duration as well as the magnitude of the vibration. Acceptable 
magnitudes of vibration are specified which are dependent on the duration of the vibration. The 
approach is similar to the vibration dose value calculation included in the British Standard 
(British Standards Institution 1992a) but the CEN method is more easily applied, being based 
on the peak rather than the root mean quad (rmq) particle velocity used by BS 6472. A 
threshold for perception is implied by the CEN document since it is stated that, in particularly 
sensitive locations, vibrations up to 0.15mm/s should be acceptable.
2.2.3 Summary
Preliminary assessments of the potential for groundbome vibration to cause damage may be 
made on the basis of the ppv, the dominant frequency and whether the vibration is transient or 
continuous. Thresholds specified by the various national standards for the onset of damage to 
structures differ between countries. Among the least stringent is the standard which is extant 
in Britain (British Standards Institution 1993), being a factor of about five higher than typical
13
acceptable ppvs in many countries. For rigorous damage assessment, it may be necessary to 
consider the velocity of seismic wave propagation, so that dynamic strains may be calculated. 
However, this is not required by most of the national standards.
Preliminary assessment of intrusion may also be based on a single threshold value. The 
standards which have been reviewed here have shown that the threshold of perceptible vibration 
is considered to be the same in all countries. However, the magnitudes which are considered 
to be acceptable within residential properties differ in the different countries. For a thorough 
assessment of the potential for groundbome vibration to cause disturbance it is necessary not 
only to consider the magnitude of vibration, but also its duration, direction, time of day and the 
environment within which the vibration is received. To achieve this classification a method of 
calculating a suitable average magnitude is required. The vibration dose value (VDV) is 
recommended by the British Standards Institution (1992a). CEN (1998) recommends an 
approach based on the ppv.
2.3 Factors affecting the energy transmitted from construction plant into the ground
The magnitude of vibration at any point in the ground, arising from any activity, is dependent 
upon the amount of energy transmitted into the ground by the source, the rate of attenuation 
of the energy as it propagates through the ground and the distance of the observation point 
from the location at which the energy enters the ground. This Section reviews the methods 
used to estimate the energy transmitted into the ground at the vibration source. In many cases, 
methods of estimating the energy have not been described explicitly but may be inferred from 
the methods of data analysis and presentation. The methods which have been used for dynamic 
compaction, piling and vibratory compaction are described.
2.3.1 Piling
There exists a wide diversity ofpile types and materials and many methods of installing the piles 
in the ground (see for example, Tomlinson 1994). Methods of installing piles which are 
vibration free, or which generate relatively low levels of ground vibration, are available for use 
in highly sensitive locations (British Steel 1997a). The present study considers piling methods 
which may give rise to significant levels of vibration.
Piling methods differ from many other sources of groundbome vibration in several respects. 
Firstly, the actual energy source used for piling, the hammer or driver, does not, in most cases, 
come into direct contact with the ground; the energy is transmitted to the ground via the pile. 
The amount of energy transmitted front the hammer to the pile may be affected by the size, 
shape and material of the pile; the piling hammer or driver; and any packing between the pile 
and driver. Secondly, the depth of the pile toe increases as driving progresses and the length
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of the pile shaft in contact with the ground also increases. The source therefore changes 
throughout the drive, whether the source is the toe of the pile, the pile shaft or a combination 
of the toe and shaft. The nature of the ground into which the pile is driven and the distance 
fi*om the pile to the measurement location also change continuously during the driving of a pile. 
Previous work undertaken to determine the effects of these factors on the generation of 
groundbome vibration is discussed in the following sub-sections.
Wiss (1967) and Wood and Theissen (1982) reported that similar magnitudes of vibration may 
arise from vibrodrivers (vibratory pile drivers) as are generated by percussive piling. The 
vibrations from vibrodriving are continuous in nature and are therefore potentially more 
intmsive and damaging than the intermittent vibration caused by percussive piling (British 
Standards Institution 1992a; 1993). However, while many authors have considered the 
processes which give rise to vibration during percussive piling, there has been less attention 
paid to the processes which affect the generation ofwibration during vibrodriving. Dowding 
(1996), for example, devoted a chapter to vibration arising from piling but made only brief 
comments about vibratory methods.
2.3.1.1 Driving energy
Wiss (1967) introduced the concept of scaled energy for the presentation of vibration data from 
percussive pile driving, the scaled energy being the quotient of the square root of the nominal 
energy rating of the hammer divided by the distance from the pile toe. A similar approach, with 
the distance term specified in different ways (Section 2.4.2), has since been adopted by many 
other workers for data presentation (for example, Attewell and Farmer 1973; Mallard and 
Bastow 1979; Martin 1980; Uromeihy 1990; Whyley and Sarsby 1992) and is used in many 
documents as a basis for vibration prediction (Head and Jardine 1982; British Standards 
Institution 1992b; CEN 1998). Such predictors are provided in the form;
V = k [2.4]
where v is the ppv, which may be measured in a number of ways (Section 2.1);
IF is an estimate of the nominal energy input;
r is the distance from the source, which is specified in one of two ways (Section 2.5.2); 
k and y  are empirical constants.
Relating the groundbome vibration to the energy of the driver has a theoretical basis, since the 
particle velocity is proportional to the square root of the energy propagated by a wave. 
However, the use of the nominal driver energy takes no account of variability which may exist 
in the inefficiencies within different hammer and pile systems. Svinkin (1992) reported that the
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measured energy transferred to the pile is typically only 20 to 60 per cent of the rated hammer 
energy, and in most cases between 30 and 40 per cent.
Ciesielski et al (1980) considered the energy of the hammer to be significant in influencing 
vibration magnitudes only when the pile was at refusal. Before refusal was reached, any 
additional driving energy was expended in achieving a greater set. Although most authors have 
related the ppv to the square root of the nominal energy of the driver, other authors have 
suggested a relation between the ppv and the energy to the power 0.35 (Ciesielski et al 1980) 
and unity (O’Neill 1971). Mallard (1979) reported that, despite trying various methods of 
representing the energy, the use of the square root of the nominal energy could not be improved 
upon.
The use of the nominal energy of the hammer for estimating the energy input during percussive 
piling has been adapted for vibrodriving of piles. For vibrodriving the energy per cycle of the 
vibratory mechanism is used, calculated fi*omthe output of the power supply and the operating 
fi*equency (Head and Jardine 1992). This method has been used by many authors (Uromeihy 
1990; Attewell et al 1992a,b; Head and Jardine 1992) and has been adopted by British and 
European standardising authorities (British Standards Institution 1992b; CEN 1998) for 
vibration prediction. Despite the continued and widespread use of the energy per cycle of the 
vibrodriver as a basis for the prediction of magnitudes of groundbome vibration, no data or 
analyses exist within the literature to verify that the magnitude of vibration arising fi'om 
vibrodriving is related to this measure of energy.
During percussive piling, the hammer impact initiates a stress pulse in the pile which travels 
along the pile until it reaches the pile toe, where the energy which is not dissipated in advancing 
the pile is partly reflected and partly transmitted into the ground (Ramshaw et al 1998). The 
relative proportions of the energy transmitted and reflected are govemed by the contrast in 
acoustic impedances (specifically, the product of the mass density and the compressional wave 
propagation velocity of the material) of the pile and the ground (Attewell and Farmer 1973). 
The relation between incident, transmitted and reflected energies and the acoustic impedances 
of the materials are given by Zoeppritz’s equations (Zoeppritz 1919; cited by T elford et a l\916. 
See Equation 4.4). At the shaft-soil interface the angle of incidence of a wave propagating 
longitudinally along the pile shaft is close to 90° so very little energy is transmitted into the 
ground. In contrast, the angle of incidence at the pile toe is zero. Consequently, even when 
the pile has been driven to considerable depth, the major part of the energy may enter the 
ground from the pile toe (Attewell and Farmer 1973).
Although the stress pulse in the pile does not transmit energy into the ground whilst 
propagating along the shaft, Attewell and Farmer (1973), Martin (1980), Selby (1991) and 
Massarsch (1992), for example, considered that energy may be transferred to the ground along
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the pile shaft through friction as the pile moves through the soil. This would generate a 
vertically polarised shear wave, with a conical or cylindrical wavefront. Mallard and Bastow 
(1979), Selby (1989) and Massarsch (1992) suggested that flexure of the pile shaft may also 
occur during driving, which may initiate vibration from the shaft.
2.3.1.2 The properties of the pile
This sub-section reviews how the pile dimensions and the material firom which piles are made 
haye been considered in the literature to affect the generation of groundbome vibration. Those 
authors who have commented on the effect of the properties of piles on groundbome vibration 
only considered percussive piling. No information has been found in the Hterature which relates 
the properties of piles to the groundbome vibration arising from vibrodriving.
From measurements of groundbome vibration from percussive driving of sheet piles, wooden 
piles and steel H-piles, Wiss (1967) reported that, for all practical purposes, there was no 
significant difference in the vibration produced by driving the different piles. Wiss considered 
that driver energy and the ground conditions were the dominant factors which affected 
groundbome vibration magnitudes. In contract, Heckman and Hagerty (1978) considered that 
the magnitude of groundbome vibration arising from percussive piling was dependent upon the 
cross sectional area of the pile and upon the acoustic impedance of the pile material. Parola 
(1970), cited by Poulos and Davis (1980), quantified the energy transmission from pile driver 
ram into a pile in terms of the pile impedance, /, given by:
1=90/. [2.5]
where p  is the mass density of the pile material;
Cp is the compressional wave velocity of the pile material; and 
A is the cross-sectional area of the pile.
Heckman and Hagerty presented a summary of field data in which the maximum vibration 
magnitude arising from piling was plotted against /(Figure 2.10). The vibration magnitude Was 
quantified in terms of the ppv at a scaled distance of lJ^m'\ which is the parameter k  in 
Equation 2.4. Heckman and Hagerty reported that, as the pile impedance increased, the 
maximum magnitude of ground vibration decreased.
Heckman and Hagerty’s work has been commented on by several authors. Head and Jardine 
(1992) concluded that, because of the wide range pf ground conditions and the difficulties in 
accurately defining the energy levels of the drivers and the impedance of the piles, it is 
impossible to draw any general conclusions on the validity of Heckman and Hagerty’s work. 
Conversely, Massarsch (1992) and Dowding (1996) considered Heckman and Hagerty’s 
observations to be important. Massarsch (1992) commented that, for example, a reduction in
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the pile impedance of 30 per cent could increase the ground vibration amplitude by a factor of 
ten. However, Massarsch presented no data in support or otherwise of Heckman and Hagerty.
Prakash and Jain (1970) reported that, under otherwise similar conditions, the energy 
transmitted into the ground by steel piles was less than that from timber and concrete piles. 
Similarly, field data from Hong Kong (Geotechnical Engineering Office 1996) indicated that 
for a given hammer energy and distance from a pile, the ppv arising from driving precast 
concrete piles was approximately 20 per cent greater than that arising from steel H-piles. A 
greater acoustic impedance mismatch occurs between soils and steel piles than between soils 
and concrete or timber piles. Therefore, the transmission of energy from the pile into the 
ground, and hence the resulting ppv, would be predicted by Zoeppritz’s (1919) equations to 
be less for steel than for concrete or timber. This is supported by the field observations 
reported by Prakash and Jain (1970) and the Hong Kong Geotechnical Engineering Office 
(1996).
The data presented by Heckman and Hagerty (1978) suggest that, for piles with a given 
acoustic impedance (Z), the vibration magnitude is dependent upon the cross sectional area of 
the pile. The vibration magnitude arising from piles of small cross sectional area are expected 
to be greater than for larger section piles, on the evidence of Heckman and Hagerty’s work. 
Contrary to Heckman and Hagerty, on the basis of field data, Lo (1977) concluded that the 
amplitude of vibration was proportional to the cross sectional area of the pile. Lo stated that, 
since a pile with a relatively small cross sectional area would penetrate further into the ground 
than one of large area, for a given impact energy, the magnitude of groundbome vibration from 
driving a pile of small cross sectional area would be less than for driving a pile of larger cross 
sectional area. D’Appolonia (1971) was of the same opinion. However, on the evidence of 
field data from driving precast concrete piles, Brenner and Viranuvut (1977) concluded that the 
cross sectional area of the pile was not a significant factor in determining magnitudes of ground 
vibration.
The literature reviewed in this sub-section suggests that the magnitude of groundbome 
vibration arising from percussive piling may be influenced by the acoustic impedance of the pile 
material, such that a higher acoustic impedance gives rise to a lower vibration than would a pile 
of lower acoustic impedance. The effect of the cross sectional area of the pile is less clear and 
contradictory opinions have been Expressed in the literature. The absence of a definitive 
statement on the influence of pile size on the vibration magnitpde may reflect the practical 
difficulty in acquiring vibration data from a variety of piles under otherwise similar conditions.
There has been little consideration given to the effect of pile length on the magnitude of ground 
vibration. Most authors who considered the pile dimensions only commented on the cross 
sectional area of the pile. However, Lo (1977) reported vibration arising from driving pre­
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stressed concrete piles in two sections. The splicing of the upper section to the top of the püe 
did not affect the particle velocities measured on the ground surface. Prakash and Jain (1970) 
stated that the pile length was important in determining vibration magnitudes but tio discussion 
or data were offered in support of their assertion.
2.3.1.3 Ground conditions
The ground conditions may affect groundbome vibration arising from piling in two ways. 
Firstly, interaction between the pile and the ground may affect the amount of energy transmitted 
into the ground from the pile. Secondly, the ground conditions between the pile and the point 
of interest affect the propagation of the energy away from the pile. The influence of geology 
on the propagation of vibration are discussed in Section 2.4; this sub-section addresses the 
effects of the geology pn the vibration source.
The energy transferred from a percussive hammer to a pile remains approximately constant 
throughout driving (Rempe and Davisson 1977), except where different energies are used 
intentionally, such as during the initial toeing in and for the main stage of driving the piles. 
There may also be a change in the energy input which arises through changes in the properties 
of the packing caused by the driving (Dowding 1996).
For a constant energy input to the pile, D’Appolonia (1971) considered that the vibration 
magnitude was dependent upon the relative amounts of energy used in advancing the pile 
through the ground and in causing elastic deformation of the surrounding soil. It is the elastic 
deformations which give rise to groundbome vibrations. D’Appolonia (1971) therefore 
concluded that, in stiff or dense soils a high magnitude of vibration would arise because the rate 
of penetration is small so more energy is dissipated as elastic deformation of the soil than 
occurs when driving in weaker soils. In easily penetrated soils, most of the energy is expended 
in advancing the pile, resulting in relatively low magnitudes of groundbome vibration.
The association between penetration resistance and groundbome vibration magnitude has been 
observed by other workers. Baba and Toriuim (1957) recorded an increase in vibration when 
piles in sands and gravels reached a firm layer. Luna (1967) presented data from measurements 
made on sand, gravel and clay from which it was concluded that the vibration magnitude 
generated was dependent on the soil conditions, in addition to the type of pile, type and size of 
hammer, depth of pile penetration and distance from the pile. Luna observed that vibration 
magnitudes were affected by the penetration resistance, increasing when dense strata or 
boulders were encountered. Wiss (1967), Martin (1980) and Hosking et al (1988) also 
observed increasing vibration magnitudes with increasing penetration resistance. In particular, 
Hosking et al (1988) commented that the density of sand into which a pile was driven was the 
most important factor affecting the magnitude of groundbome vibration. Whyley and Sarsby
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(1992) reported that magnitudes of vibration during percussive driving increased if either the 
stif&iess or the density of the soil increased, Lo (1977) presented a series of curves for different 
hammer types showing that the ppv increased with blow count (the number of hammer blows 
required to advance the pile over a Specified distance). Jongmans (1996) proposed that 
additional testing ahead of the main works be carried out to provide a basis for site specific 
vibration prediction because of the dependency of the vibration level on the ground conditions.
Mallard and Bastow (1979) observed that, for constant driving energy, the increase in ppv 
which occurred with increasing penetration resistance was particularly marked in the horizontal 
components of vibration. Mallard and Bastow suggested that the increase in vibration may be 
as a result of the arrival of a shear wave from the toe combining with the surface wave. An 
alternative explanation offered was that, when the driving became harder, the pile whipped 
thereby exciting horizontal vibrations. Massarsch (1992) considered that during piling in dense 
sand, fiiction-induced conical waves were generated from the pile shaft. This mechanism was 
also suggested earlier by Attewell and Farmer (1973) and Martin (1980). Where a stiff layer 
occurred at the pile tip, waves were considered by Massarsch (1992) to be generated from both 
the pile tip and from shaft flexure (Figure 2.11).
Ciesielski et al (1980) reported a connection between vibration amplitude, the resistance to 
driving offered by the soil and the driver energy. The driver energy was considered by 
Ciesielski et al to be important only when the driving resistance was high. When resistance to 
driving was low, the vibration amplitude showed no increase with increasing driver energy. 
Ciesielski et al (1980) concluded that vibration only increased with decreasing pile penetration 
rate when the decreased penetration rate was due to increased end resistance and not when 
increased restraint was caused by an increase in shaft fiiction.
The effect of penetration resistance on the magnitude of groundbome vibration has stimulated 
a number of workers to attempt to correlate the ppv arising from piling with quantitative 
ground condition information. The cone penetration test enables toe resistance and skin fiiction 
to be measured separately and is therefore used to interpret stratification, soil type and 
engineering soil parameters (ISSMGE Technical Committee 16 1999). Brenner and 
Chittikuladilok (1975) and Brenner and Viranuvut (1977) reported a relation between cone 
penetration resistance and ppv. Van Staalduinen arid Waarts (1992) also reported that the cone 
penetrometer value could be used as a basis for the prediction of the vibration magnitude from 
percussive piling.
From the literature reviewed in this sub-section, the consensus of opinion is that a high 
penetration resistance leads to higher magnitudes of surface ground vibration than arise from 
driving piles into more easily penetrated materials. However, this view is not universally 
supported in the literature. Sior (1961) considered that a generally valid relation between
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penetration resistance and vibration magnitude did not exist. Also, Dowding (1996) considered 
that other factors had a greater effect on the magnitude of groundbome vibration than did the 
penetration resistance, in particular the effect of different packing materials. Greenwood and 
Farmer (1971) reported that data from three different types of pile driving in sands had shown 
that the effect of end resistance during driving was not significant when compared with the 
energy input.
The work undertaken by Attewell and his co-workers to develop groundbome vibration 
predictors for piling works, while acknowledging the effect of penetration resistance (Attewell 
1995), takes nO account of the ground conditions (Attewell and Farmer 1973; Attewell et al 
1992a, b; Attewell 1995). However, Attewell (1995) presented a range of scaling factors for 
predicting vibration from various piling operations in different soils reported by Uromeihy
(1990). The British Standard giving guidance on vibration from piling (British Standards 
Institution 1992b) acknowledges that the vibration magnitude is affected by geology, but takes 
no account of the difference in the recommendations for making predictions. The predictor 
proposed by Whyley and Sarsby (1992) and the guidance given by CEN (1998) for the 
prediction of groundbome vibration from percussive piling provide different scaling factors 
according to the geology (Section 2.5.2).
The preceding discussion in this sub-section relates to vibration generation by percussive piling. 
The only indication in the literature that the vibration arising from vibratory piling may be 
affected by the ground conditions is from a case history (Clough and Chameau 1980) which 
showed that higher magnitudes of vibration arose when the penetration rate was low than when 
driving was relatively easy. Uromeihy (1990) reported vibration from vibrodriving at many 
sites but did not comment on whether the vibration magnitude was influenced by the ground 
conditions. Where vibration predictors have been presented for vibration arising from 
vibrodriving (British Standards Institution 1992b; CEN 1998) no difference in magnitudes for 
driving in different ground conditions have been suggested.
2.3.1.4 Summary
The literature contains reports of a considerable amount of study, undertaken over many years, 
of vibration arising from pile driving. In general, this has focused on percussive piling, with 
relatively little attention being given to vibrodriving, although a small number of case histories 
have been reported (for example, Clough and Chameau 1980; Linehan et al 1992). Langley 
and Ellis (1979), Skipp (1984) and Dowding (1996) acknowledged that the ground behaves 
differently under the influence of vibrodriviug to its behaviour during percussive piling. 
However, none of these authors commented on how the generation of groundbome vibration 
might be affected differently by the two piling techniques.
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The consensus of opinion, but not the unanimous view, in the literature is that the energy 
transmitted into the ground during percussive piling is dependent upon:
i) the nominal energy of the hammer (for example Wiss 1967; Attewell and Farmer 1973 ; 
Head and Jardine 1982; Whyley and Sarsby 1992), even though only part of the nominal 
hammer energy is actually transmitted to the pile (Svinkin 1992);
ii) the resistance of the ground to driving, the vibration magnitude increasing as the 
penetration resistance increases (for example Wiss 1967; D’Appolonia 1971; Mallard 
1979; Ciesielski et al 1980; CEN 1998);
iii) the properties of the pile, although the significance Of the pile properties is less clear 
than the hammer energy and the ground properties (for example Heckman and Hagerty 
1978; Massarsch 1992; Dowding 1996).
The factors which affect the energy transmitted into the ground during vibrodriving have 
received less consideration in the literature than that given to percussive piling. The small 
amount of information available fi'om the literature indicates that the ppv is related to the 
energy per cycle of the vibrodriver, although no evidence has been offered by previous 
researchers in support of any dependency on the vibrodriver energy (for example Uromeihy 
1990; Attewell 1995). No information has been found in the literature to suggest whether the 
ground conditions or the pile properties have any effect on the ppv from vibratory piling.
2.3.2 Dynamic compaction
Dynamic compaction is a technique used for improving the bearing capacity of the ground in 
situ by repeated impacts with a heavy tamper dropped on to the surface of the soil. Typically 
the tamper weighs between 5 and 20 tonnes and is dropped from a height of up to 25m, 
although Menard (1974) reported the use of a 170 tonne tamper dropped from 40m. A review 
of the use, development and principles of dynamic compaction was given by Slocombe (1993).
Dynamic compaction offers perhaps the simplest method of approximating the energy input to 
the ground of all the mechanical source of vibration use in civil engineering works. The energy 
from each impact was estimated from the potential energy of the raised tamper by Mayne et al 
(1984), Greenwood and Kirsch (1984) and Mayne (1985). Inherent in the assumption that the 
potential energy of the raised weight is all transmitted to the ground is the assumption that 
frictional losses in the lifting and release mechanism are negligible. Measurements made by 
Hansbo (1977) indicated that the efficiency of the dynamic compaction system was typically 
around 80 per cent. Mayne (1985) reported that the relation between drop height Qi) and ppv 
varied between at a distance of 20 feet (6.1m) and at 100 feet (30m). A square root 
relation between the ppv and the nominal energy may therefore provide a satisfactory practical 
approximation.
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Neilson et al (1998) reported a variation on the dynamic compaction technique, a high speed 
dynamic compaction apparatus, with which compaction is effected by dropping a 7 tonne 
tamper front a height of up to 1.2m. The tamper impacts a metal plate, which remains in 
contact with the ground, rather than acting directly on the soil as is the case for conventional 
dynamic conq)action. The potential energy of the high speed method is lower than that which 
Slocombe (1993) reported to be normally used for dynamic compaction. Allen (1996) used the 
potential energy of the raised tamper as a basis for the assessment of the magnitude of vibration 
which arose from the apparatus described by Neilson et al (1998). Allen reported that the 
relation between ppv, energy and distance from the source proposed by Attewell and Farmer 
(1973) for piling was appropriate for the high speed dynamic compaction apparatus. A k value 
(Equation 2.4) of 0.75 provided a reasonable upper bound to Allen’s data. The upper bound 
to dynamic compaction vibration data presented by Mayne (1985), converted to the same 
method of presentation used by Attewell and Farmer (1973) for ease of comparison, yields a 
k value of 0.037 (Hiller and Hope 1998). For a given nominal energy and distance, Allen 
therefore reported a higher ppv from the high speed dynamic compaction apparatus than did 
Mayne for conventional dynamic compaction.
2.3.3 Vibratory compaction
Compaction is the process whereby soil particles are caused to pack more closely together 
through a reduction in air voids, usually by mechanical means (Road Research Laboratory 
1952). Compaction improves the mechanical properties of the soil by increasing the bearing 
capacity, reducing the permeability and minimising the potential for settlement.
The benefits of vibration in conçaction operations have been known, if not understood, since 
the first vibrating plate compactors were developed in Germany in the 1930's (Forssblad 1965). 
While the effects of vibration on compaction have been the subject of considerable study, 
relatively little attention has been given to the vibration which is radiated into the environment 
by vibratory conq>action plant. Section 2.3.3.1 briefly reviews the factors which are considered 
to affect the vibratory compaction of soils and Section 2.3.3.2 describes the investigations 
which have been undertaken into the off-site groundbome vibration caused by the operation of 
vibratory compaction plant.
2.3.3.1 The use of vibration in the compaction of soils
Early applications of vibration to assist compaction were confined to granular material but it 
was later demonstrated that vibratory rollers could also achieve significant benefits over dead 
weight rollers on cohesive materials (Lewis 1961). OReilly (1991) reported that the addition 
of vibration enhanced the static weight effect of a compactor by a factor of approximately two 
on all soils. Although vibration is demonstrably effective in achieving compaction, the actual
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mechanism by which vibration assists compaction has been the source of some debate (for 
example, Mogami and Kubo 1953; Forssblad 1965; Youd 1972; Selig and Yoo 1977; Machet 
and Sanejouand 1980). Selig and Yoo (1977) concluded that of the mechanisms proposed in 
the literature, their preferred explanation was proposed by Youd (1972) who suggested that 
repeated cycles of shear straining caused compaction in both non-cohesive and cohesive soils. 
From dynamic stress and acceleration measurements, D’Appolonia et al (1969) identified three 
zones which exist in the vicinity of a vibrating roller operating on sands. The soil particles 
within these zones underwent different behaviour as a result of the severity of the vibration to 
which they were exposed and the confining stress which restrained them. Youd (1972) 
proposed that the three zones could be ch^acterised by different shear strain conditions. Both 
D’Appolonia et al (1969) and Youd (1972) observed a loosened surface layer with the greatest 
amount of compaction achieved beneath this layer.
The amount of compaction achieved by a particular roller depends on many factors relating to 
the type of compaction plant and the properties of the fill. A detailed review of compaction of 
soils and the factors which effect it was given by Parsons (1992). The effects of the variables 
which have been considered in the literature to be significant for the efficiency of vibratory 
compaction are summarised below.
Soil characteristics
Vibratory compaction plant was first used to improve the properties of granular materials. The 
benefits of vibration for compaction of cohesive soils by vibratory plant were only realised later 
(Lewis 1961). The behaviour of clays and soils containing a significant proportion of clay, at 
moisture contents equal to or lower than the optimum for compaction, is similar to that for 
cohesionless soils. Method specifications for compaction are therefore similar for both well 
graded granular and dry cohesive fill materials (Department of Transport 1993). However, as 
the moisture content of cohesive materials increases their properties change. Forssblad (1965) 
reported that the pressures experienced at a range of depths below vibratory rollers decreased 
as both the moisture content and the proportion of clay increased.
Fill layer depth
Except for the loosened surface layer of the fill, the compactive effect of any roller decreases 
with increasing depth beneath the fill surface (D’Appolonia et al 1969; Youd 1972; Parsons
1992). Therefore attempting to compact an excessively thick layer will result in a lower 
average state of compaction throughout the fill than if a series of thinner layers are compacted 
(Parsons 1992).
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Stiffness o f the underlying subgrade
The stiffiiess of the material beneath the fill being compacted affects the degree of compaction 
which can be achieved. A greater dry density is obtained when compacting material above a 
stiffer layer. For example, Valeux and Morel (1980; cited by Parsons 1992), reported that 
vibratory compaction of crushed gravel achieved a lower dry density when compacted on a 
weak subgrade than that achieved by compaction of the same fill on a more stiff foundation.
Static linear load
The static linear load quantifies the weight of a roller acting through the vibrating drum, but is 
conventionally specified in units of mass per unit length of the contact between the drum and 
the ground. Lewis (1961) tested six different rollers on four different soils and demonstrated 
that the static linear load provided a useful indication of the likely performance of the 
equipment. The importance of this parameter is reflected by its use to categorise compaction 
requirements using vibrating rollers in the Specification for Highway Works (Department of 
Transport 1993). Experimental work by Forssblad (1965), Yoo and Selig (197% 1980) and 
Krober (1988) demonstrated the importance of the static linear load on vibratory compaction.
Drum displacement
An increase in the amplitude of the drum motion causes a pronounced increase in compaction 
and depth over which compaction is effective (Forssblad 1981). Yoo and Selig (197% 1980) 
and Krober (1988) reported that drum displacement is one of the most important aspects of 
vibratory compaction, the magnitude of drum displacement on the soil being directly related to 
the amount of compactive effort imparted on the soil. However, large vibration amplitudes, 
especially when combined with high fi-equencies, present design difficulties such as high drum 
bearing stresses and operator discomfort which limits the possible amplitudes to a few 
millimetres (Forssblad 1981).
Centrifugal force
For many vibrating rollers currently in use, vibration is generated by rotation of an eccentrically 
loaded shaft mounted axially within the vibrating drum (Parsons 1992). The dynamic force 
arising from this rotation is specified in manufacturers’ data sheets as the centrifugal force. 
The term centrifiigal force is used colloquially to describe the force apparently acting radially 
outwards from the centre of motion on a rotating body. For consistency with the 
manufacturers’ descriptions, the term centrifogal force is retained herein, although it is 
acknowledged that the term is not strictly correct.
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Forssblad (1965) reported that the measured soil pressures under a vibratory roller differed 
greatly from those expected from the magnitude of the generated dynamic forces. Yoo and 
Selig (1979) showed that in the normal operating frequency range of vibratory rollers the 
generated centrifiigal force was usually much higher than the soil contact force and the ratio 
of the generated to the transmitted force changed with frequency. Similarly, Parsons (1992) 
reported that the performance of vibrating rollers was not necessarily enhanced by increasing 
the dynamic force solely by increasing the frequency of vibration: the dynamic force had little 
effect on the degree of compaction achieved.
Frequency
Terzaghi and Peck (1948) and Selig and Yoo (1977) advocated the use of rollers at the 
resonant frequency of the roller-soil system. The maximum drum displacement occurs at this 
frequency so the energy efficiency of compaction and the productivity may be increased. 
However, operation at the resonant frequency would result in increased levels of off-site 
vibration, excessive driver discomfort and increased mechanical wear (Forssblad 1981). 
Measurements made by Lewis (1957,1961) and Forssblad (1965), and the investigation 
reported by Yoo and Selig (1979,1980), showed that above the resonance frequency, the 
compaction decreased rapidly with increasing frequency and, after reaching a minimüm, 
increased only slowly as the frequency increased. In general, operation at frequencies 
somewhat above the resonance is normally used to maximise the efficiency of compaction while 
minimising adverse effects (Forssblad 1981).
Travel speed
Lewis (1961) showed that the efficiency of compaction with vibrating rollers decreases as the 
travel speed increases. Similarly, Forssblad (1981) reported that the energy transmitted to the 
fill was inversely proportional to the roller speed and recommended a speed of between 3 and 
6km/h for vibratory rollers operating on soil and rock fill to optimise efficiency. The method 
specification prescribed by the Specification for Highway Works (Department of Transport
1993) requires vibratory compaction to be undertaken at a speed of 1.5 to 2.5km/h, with 
proportionately more passes required if faster speeds are used.
Number o f passes
Trials described by Lewis (1961) and Parsons (1992) showed that the amount of compaction 
achieved by any roller increased rapidly for the first few passes. After typically eight passes of 
a roller there was very little increase in dry density for each pass. D Appolonia et al (1969) also 
found that, after about five passes, a large increase in the number of roller passes was required 
to obtain significant increases in density.
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Summary
The main parameters which affect the abüity of a vibrating roller to achieve compaction are 
considered in the literature to be static linear load and drum displacement (Yoo and Selig 197% 
1980; Krober 1988; Parsons 1992). The amount of compaction achieved by each pass of the 
roller is also dependent upon the travel speed, the fill layer thickness and the number of 
compaction passes which have previously been undertaken. The centrifugal force and the 
operating frequency are not considered to be as significant as the static linear load and nominal 
amplitude in determining the efficiency of vibratory compaction.
2.3.3.2 Groundbome vibration arising from vibratory compaction
Groundbome vibration from vibratory compaction has been the subject of relatively little study 
when compared to the studies of groundbome vibration from piling. The few cases which have 
been presented are generally either limited in detail or site specific (for example Forssblad 
1965). A review of vibratory compaction was undertaken by van der Merwe (1984) which 
limited discussion of the effects of off-site vibration to commenting on the experiments 
undertaken by Tiedemann (1970). Broader studies were reported by Forssblad (1974) and 
Wheeler (1990).
Tiedemann (1970) considered that although there were benefits to be accmed from the use of 
vibration for compaction, the detrimental environmental effects should also be considered when 
selecting plant. Tiedemann undertook an investigation of the vibration arising from vibratory 
compaction but only one roller, a towed sheepsfoot roller, was tested. Siuce only one roller 
was used, Tiedemann was unable to investigate which aspects of rollers might affect vibration 
magnitudes, although the ground vibration magnitudes were found to be lower when the roller 
was moving than when stationary. Furthermore, the condition of the fill was found to have an 
effect on the groundbome vibration. Higher magnitudes of vibration were observed when 
compacting clay fill dry of optimum than when it was wet of optimum. Forssblad ( 196% 1981) 
also reported studies of vibration from tests with one towed roller, but this roller was operated 
on different fill materials. Vibrations from compaction of a morainic soil, gravel and clay were 
reported. The highest magnitudes of vibration arose from compaction of the morainic soil, 
whilst the lowest were from compaction of the clay.
Forssblad (1974) reported research undertaken by Appeltoffi et al (1970) and a series of later 
tests in which the groundbome vibration from a number of vibrating rollers of different weights 
were measured. Forssblad concluded that the ppv could be predicted on the basis of the static 
Weight of the roller. Forssblad observed higher magnitudes of vibration during the staffing and 
stopping of the vibrator than those generated during steady state operation. These transient
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high magnitudes of vibration would limit the distance from property at which rollers could be 
used without the risk of damage.
Wheeler (1990) undertook a study of groundbome vibration from rollers operated on ten 
constmction sites, incorporating 15 combinations of roller type, operating frequency and 
ground conditions. Wheeler reported that the ground vibration magnitude increased as the 
voids ratio of the fill decreased. This effect only occurred for a small number of passes, after 
which the vibration magnitude remained essentially constant. Wheeler adopted a similar 
method to that used for vibratory piling to determine a predictive equation based on the energy 
per cycle, calculated from the theoretical power output and the operating frequency, and the 
distance from the roller. The suggested predictor provided an upper bound estimate of the 
magnitude of groundbome vibration.
2.4 The propagation and attenuation of vibration
There has been a considerable volume of research undertaken to attempt to determine how 
seismic energy is attenuated during propagation, both through intact rock and through soils 
(Attewell and Ramana 1966; Woods and Jedele 1985; Winkler 1986). Two principal processes 
are considered to operate: geometric spreading and material damping. Section 2.4.1 describes 
the effects of geometric and material damping with regard to civil engineering sources of 
groundbome vibration. Section 2.4.2 discusses the importance of the correct specification of 
the attenuation distance, which requires a knowledge of the location at which pnergy is 
transmitted into the ground.
2.4.1 Geometric attenuation and material damping
The energy flux of a surface wave propagating as circular wavefronts attenuates by geometric 
spreading at a rate of r \  where r is the shortest distance between the vibration source and the 
point of interest. The particle velocity thereforeattenuatesas r*® ^  Body waves generated by 
a point source on the surface of a homogeneous half space would spread as hemispherical 
wavefronts. In the absence of attenuation effects other than geometric spreading, the wave 
energy would therefore be attenuated as and the particle velocity would attenuate as r ^ The
particle velocity associated with body waves propagating at the ground surface attenuates as 
(Ewing et al 1957).
Many authors (for example Attewell and Farmer 1973; Mayne 1985; Wheeler 1990) have 
presented field data and predictive formulae in terms of a power law relating the ppv (v) and 
the distance (r), whichever method of specifying the ppv and the distance was used (see 
Equation 2.4). Plotted on logarithmic axes, an expression of the form of Equation 2.4 defines 
a straight line relation between v and r. The gradient (y) of such lines fitted to field data is often
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too great to be attributable to only geometric attenuation of surfece waves, from which it may 
be inferred that other attenuation mechanisms play some part (Wiss 1981). Wiss (1981) 
reported that y  generally has a value of between 1.0 and 2.0, with a common value of 1.5. 
Woods and Jedele (1985) usëd the expression pseudo attenuation for power laws fitted as a 
straight line approximation to field data which plotted as a curve on logarithmic axes of ppv 
against distance. The pseudo attenuation line has an attenuation rate (ô) greater than the 
theoretical value for attenuation in an elastic material. Figure 2.12, reproduced from Woods 
and Jedele (1985), compares hypothetical field data vrith the theoretical rate of attenuation and 
a pseudo attenuation relation fitted to the data. In addition a curved relation is illustrated.
Convex upwards curvature observed in field data plotted as ppv against distance on logarithmic 
axes has been reported (for example, Richart et al 1970) and has been explained by the 
contribution to the overall attenuation by material damping effects. Mintrop (1911, cited by 
Bomitz 1931) proposed an equation for the attenuation of surface waves which describes 
surface wave attenuation in terms of geometric attenuation, dependent upon the square root 
of distance measured along the ground surface (<7), and an exponential material damping 
component:
%
where v is the ppv at a distance d measured along the ground surface from the source;
Vj is the ppv at a reference distance d{, 
e is the base of natural logarithms; and 
a  is the material damping coefficient.
This expression is commonly attributed to Bomitz (1931), for example by Richart et al (1970), 
Lo (1977) and Wood and Theissen (1982). Clough and Chameau (1980) attributed this form 
of attenuation equation to Barkan (1962), who presented it without reference to a source. 
Barkan (1962) suggested a range of values of a of 0.04 to O.lm'  ^for different soils. The value 
of a is dependent upon the properties of the soil (Barkan 1962; Woods and Jedele 1985) and 
is also proportional to the vibration frequency (Richart et al 1970).
While it is commonly observed that high frequency components of ground vibration attenuate 
more rapidly than lower frequencies (for example Woods and Jedele 1985; New 1989) the 
significance of material damping effects over distances appropriate to groundbome vibration 
from civil engineering works has been disputed (for example. New 1984; Attewell 1995). New 
(1984) considered that in most cases there were too few wavelengths between the source and 
the receiver for material damping effects to assume practical significance.
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Geology Characteristic frequency (Hz)
Very soft silts and clays 5 to 20
Soft clays and loose sands 10 to 25
Compact sands and gravels and 
stiff clays
15 to 40
Weak rocks 30 to 80
Strong rocks >50
Table 2.2 Characteristic frequencies of earth materials (Head and Jardine 1992).
Portsmouth et al (1992) studied attenuation in layered sedimentary media using vertical seismic 
profiling. They concluded that, in the frequency range 40 to 200Hz, attenuation due to mode 
conversions and scattering of wavefronts through interaction with discontinuities was the 
dominant frequency dependent attenuation process. Attenuation through material damping was 
considered to be relatively insignificant. Sams et al (1997) presented what they believed to be 
“conclusive evidence” (Sams et al 1997, p. 1463) of frequency dependent intrinsic attenuation, 
but these authors measured attenuation over a wide frequency range, from 30Hz to 900kHz. 
Sams et al commented that the frequency dependency of attenuation is often overlooked 
because, in general, any given set of measurements are made over too narrow a frequency band 
for the effect of frequency to be apparent.
A further consideration which affects the attenuation of vibration and which may disturb the 
relation between frequency and material damping is that soils behave as bandpass filters, 
possessing a limited range of frequencies within which vibration energy propagates with least 
attenuation (Attewell 1995). These characteristic frequencies (Table 2.2) are excited by 
impulsive energy sources such as percussive piling (Head and Jardine 1992).
While there is general agreement in the literature that attenuation is in some part frequency 
dependent, the mechanism through which that frequency dependency is effective is uncertain 
(New 1984; Portsmouth et al 1992; Sams et al 1997). Whatever the mechanisms are which 
cause attenuation, curvature has been observed in field data which can be replicated by the 
inclusion of an exponential decay term in the relation between ppv and distance (Richart et al 
1970; Woods and Jedele 1985; Dowding 1996). Extrapolation of power laws to distances 
outside the range from which the field data were acquired can lead to overestimation of the 
vibration magnitude if a curvature exists in the plot of the field data on logarithmic axes 
(Gutowski and Dym 1976; Attewell et al 1992a, b).
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2.4.2 The position of the energy source and the specification of attenuation distance
For many civil engineering sources of groundbome vibration, the location at which the energy 
enters the ground is unambiguous. During blasting and dynamic compaction, each event takes 
place at a clearly defined position. During vibratory compaction the source position is 
appareiit, though continually moying as the plant operates. In the case of piling, however, the 
situation is less clear. At the start of pile driving, all the energy dissipated into the ground 
enters the ground from the toe of the pile, since this is the only part of the pile which is in 
contact with the ground. As driving progresses, the length of the pile in the ground increases 
so energy may enter the ground from both the pile toe and from the shaft, which may act as an 
increasingly long line source. It is widely accepted that, during percussive piling, the majority 
of the energy transmission into the ground takes place at the pile toe (Wiss 1967; Lo 1977; 
Selby 1989; Jongmans 1996). Consequently, two approaches to the specification of distance 
have evolved. One approach is to use the distance measured along the ground surface from the 
point at which the pile penetrates the ground. The alternative is to specify the slope distance 
from the toe of the pile.
Head and Jardine (1992) reported that the distance measured along the ground surface from 
the pile to the point of interest becomes an increasingly inappropriate parameter as pile depth 
increases. Head and Jardine concluded that their proposed guidelines on vibration prediction 
do not apply for horizontally measured distances of less than 5m, approximately, because 
propagation is complex within this radius. Brenner and Chittikuladilok (1975) presented 
ground vibration data from percussive driving of piles to a depth of 25m. At a horizontal 
distance of up to 3m from the pile, the vibration magnitude was relatively high at the start of 
driving and decreased as the toe was driven deeper. Conversely, at horizontal distances 
between 6m and 20m, the maximum magnitude of vibration arose when the pile toe was at its 
deepest, following a general increase through most of the drive. Brenner and Chittikuladilok 
concluded that the vibration at larger distances arose from energy transmission at the pile toe, 
but very close to the pile the vibration was dominated by energy transmitted from the pile shaft 
through friction with the soil.
Although the energy source for piling is generally considered to be at the pile toe, many 
published predictors have been presented in terms of the horizontal distance from the point of 
entry of the pile into the ground (for example, Attewell and Farmer 1973; Attewell et al 
1992a,b; van Staalduinen and Waarts 1992). Attewell et al (1992a,b) proposed different 
predictors for percussive and vibratory piling, both of which used the horizontal distance. 
Conversely, Wiss (1967) and British Standards Institution (1992b) stressed the importance of 
using the slope distance to the pile toe. Guidance given by CEN (1998) was specified in terms 
of the distance measured along the ground surface but the predictor was stated to be not valid 
at distances of less than 5m from the pile. Uromeihy (1990) presented a number of empirically
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determined piling vibration predictors for both percussive and vibratory driving which used the 
slope distance to the pile toe. Although the use of the slope distance to the pile toe provides 
the more rigorous method of specifying the distance term, the distance along the ground surface 
is often used to simplify estimation whilst on site (Attewell et al 1992b).
In addition to the energy transmitted into the ground at the pile toe, Attewell and Farmer
(1973) and Brenner and Chittikuladilok (1975) suggested some energy may also be transmitted 
ft'om the pile shaft by fiictional effects. Mallard and Bastow (1979) and Selby (1991) suggested 
that the shaft may act as a source because of lateral whipping of the pile. Attewell et al (1991) 
found that, rather than the vibration decaying steadily with increased distance from the pile at 
all distances, maxima occurred at typically 1 Om (measured horizontally) from the pile. Attewell 
et al (1991), Selby (1991) and Jongmans (1996) concluded that the maximum arose through 
superposition of surface waves propagated from the pile shaft and body waves emanating from 
the pile toe. Close to the pile the surface Waves are not well developed and at greater distances 
the surface and body waves no longer coincide. Constructive superposition therefore only 
occurs within a small range of distances from the pile, the distance being dependent upon the 
pile toe depth and the surface and body wave propagation velocities (Jongmans 1996). 
Attewell et al{\99\) therefore concluded that Attewell and Farmer’s (1973) relation was only 
valid at horizontal distances in excess of 1 Om.
The literature reviewed in this sub-section has been largely concerned with vibration arising 
from percussive piling. Different relations between magnitudes of vibration from percussive 
and vibratory piling have been reported (CEN 1998; British Standards Institution 1992b; 
Attewell et al 1992a,b; Uromeihy 1990) and the different nature of the energy sources has 
received comment (Oliver and Selby 1991). However, field data and predictors for 
groundbome vibration from both methods of pile driving have been presented in the literature 
in similar feshions. No differentiation has been made between how the nature of the energy 
sources might affect the position on tfie pile at which energy is transmitted into the ground.
2.5 Prediction of vibration from mechanised construction works
The requirement to restrict the potential for civil engineering works to impact on the 
environment and on third parties (Control of Pollution Act 1974; Environmental Protection Act 
1990), has stimulated efforts to establish reliable methods of a priori predictions of 
groundbome vibration. Such predictions have largely been empirically based (Hiller and Hope 
1998), but recent trends have been towards numerical modelling techniques (Mabsout 1995; 
Neilson et al 1995; Ramshaw et al 1998). Such techniques potentially offer a means to 
understanding the complex processes of vibration generation during piling but they cannot be 
used in isolation: they require high quality field data for validation (Ramshaw et al 1998). This
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Section reviews the empirically based methods of predicting groundbome vibration arising from 
dynamic compaction, pile driving and vibratory compaction.
2.5.1 Dynamic compaction
A review of dynamic compaction, given by Slocombe (1993), noted that groimdbome vibration 
arising from the use of dynamic compaction could be problematic. However, the only guidance 
given from which it may be possible to predict groundbome vibration magnitudes was limited 
to a graph showing a possible range of vibration magnitudes which may arise at distances of up 
to 75m. No indication was provided on the effect on the vibration level of any parameters other 
than distance from the impact, despite the large range of energies which may be used for such 
works (Section 2.3.2).
Mayne et al (1984) presented data from a number of dynamic compaction case histories and 
suggested a predictor which could be used to determine a conservative upper limit of vibration. 
The predictor was subsequently revised (Mayne 1985) and presented as;
yfmh
res
1.7
[2.7]
where is the tme resultant ppv (mm/s);
m is the tamper mass (tonnes); 
h is the drop height (m);
d is the distance along the ground surface from the impact (m).
Comparison of Equation 2.7 with the field data presented by Greenwood and Kirsch (1984) 
shows that this expression also provides a reasonable, though conservative, upper bound to 
Greenwood and Kirsch’s data.
2.5.2 Piling
The intmsive nature of piling operations and the perceived potential for vibration induced 
damage to adjacent stmctures have meant that a large number of individual case studies has 
been undertaken and reported over many years. For example, Ferahian (1968) compiled a 
bibliography which illustrates that more than 60 years ago concern about pile driving close to 
a cathedral prompted a study of vibration (van der Haeghen 1938). Consequently, many field 
data relating to vibration from piling have been reported in a piecemeal fashion, without a 
consistent approach, which makes them difficult to compare. The tabulated data appended to 
BS 5228 : Part 4 (British Standards Institution 1992b) demonstrate the variability of the 
available literature. Head and Jardme (1992) attempted to compile a database on piling 
vibrations, from data supplied by a range of organisations, with the objective of assessing the
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potential for piling to cause annoyance or damage. Of the 150 case histories supplied “many 
records... lack important information. A sixth of them were entirely without measurements of 
vibrations” (Head and Jardine 1992, p. 48). The following review focuses on the systematic 
studies of groundbome vibration from piling which have been undertaken with the objective of 
developing prediction methods.
An early study which combined data from several piling operations, rather than presenting an 
individual case history, was undertaken by Lima (1967). Luna presented data in terms of the 
energy ratio defined by CrandeU (1949) as where a is the particle acceleration
and/is the vibration frequency. CrandeU reported that the risk of damage to a stmcture was 
dependent upon both a and /  DimensionaUy, the energy ratio is equivalent to the square of the 
particle velocity (v), the parameter used in current vibration damage assessment, since a = Infv  
for sinusoidal vibration. Brown (1971) suggested that use of the particle velocity for damage 
assessment was simpler than the energy ratio, since the energy ratio required determination of 
the frequency of the vibration. Although current methods of damage assessment are made in 
terms of particle velocity, they also require a knowledge of the frequency content (British 
Standards Institution 1993).
The scaled energy method of data interpretation and presentation developed by Wiss (1967) 
(Section 2.3.1.1) was adopted by AtteweU and Farmer (1973) who proposed an empiricaUy 
determined relation which has become the basis for many subsequent attempts to refine 
prediction of groundbome vibration from piling. Vibration data coUected from seven sites were 
plotted as vertical components of vibration against scaled energy and a regression analysis was 
undertaken to fit a power law to the vertical ppv plotted against the distance measured along 
the ground surface. AtteweU and Farmer thus presented a predictor, appUcable to aU driving 
methods and pUe types, given by;
d
[2.8]
where: W is the vertical component ppv (in mm/s);
W is the nominal energy per blow (or per cycle) (in J); 
d  is the radial distance between source and receiver (in m); 
k and y  are empiricaUy determined constants
The parameter k represents the value of for unit scaled energy and k should therefore have 
units of velocity. However, dimetisional analysis of Equation 2.8 indicates that this cannot be 
the case. Application of Equation 2.8 therefore must retain the correct units to ensure 
prediction as intended by the authors. AtteweU and Farmer (1973) assigned a value of unity 
to y  and a value of 1.5 to the (dimensional) parameter k. Expressions of the form of 
Equation 2.8 have been widely used in the presentation of field ^ata and the development of
predictors, with much effort having been concentrated on the determination of the values of k 
and y. For example, using data from a large number of field measurements from many sites, 
Uromeihy (1990) determined nine different values of k and y, each applicable to different 
combinations of hammer, pile and ground conditions.
Based on fiirther analysis of the field data from Uromeihy and other sources, Attewell et al
(1991) observed convex upwards curvature in the data, presented on logarithmic axes of ppv 
against scaled distance, and concluded that Attewell and Farmer’s (1973) relation was only 
valid at distances, measured along the ground surface, greater than 10m. Attewell (1995) 
recommended that, because of the conservatism inherent in Equation 2.8, a more realistic 
equation from the same data would have a value of k of 0.75. Attewell’s 1995 publication took 
the ppv calculated by Equation 2.8 to be the true resultant ppv, rather than the vertical 
component ppv quoted in 1973.
Attewell et al (1992a) suggested that quadratic Ipg-log curves were more representative of the 
distribution of ppv-distance data than were linear log-log relations. Families of curves were 
calculated (Attewell et al 1992b) based on the best fitting of curves to the data sets from, 
separately, impact hammers and vibrodrivers. These curves enabled estimation of the particle 
velocities for a range of driver energies at distances of between 2 and 20m While this is an 
adequate range of distances to assess the majority of cases where damage to property is a 
possibility, comparison with the guidance given by the British Standards Institution (British 
Standards Institution 1992a) shows that the vibration magnitudes at 20m predicted by these 
curves are still well within the range which may be intrusive. The tables and graphs provided 
by Attewell et al (1992b) could not therefore be used to predict the more prevalent problem 
of perceptible disturbance due to vibration effects. Although AtteweU et al{\99\) reported an 
increase in vibration preceding the decay as the horizontal distance from the pUe increased, the 
tables and graphs presented by AtteweU et al (1992b) do not include this feature.
/he  relations presented by AtteweU et al (1992a,b) were different for vibrodrivers than those 
for impact hammers, but the form of the equations was the same in each case, th e  relations 
were presented as the least squares regression curve, and curves at half and one standard 
deviation above this. AtteweU et al pointed out that the use of a regression line for the 
prediction of vibration was limited because there is a 50 per cent probabiUty of any fiirther 
vibration exceeding the level of the regression line. Furthermore, without additional 
information, there would be no indication of the degree by which vibration magnitudes might 
exceed those predicted from the regression equation. AtteweU et al (1992a, b) therefore 
suggested that a curve one-half a standard deviation above the least squares regression line 
could be used as a predictor. This would predict a vibration magnitude for which there was a 
31 per cent chance of the level being exceeded. A more conservative approach would be to use 
one standard deviation above the mean, which would reduce the chance of exceeding the
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Vibrodrivers Impact hammers
Half standard 
deviation 
above mean
One standard 
deviation 
above mean
Half standard 
deviation 
above mean
One standard 
deviation 
above mean
kl 0.213 0.038 0.296 0.073
1.64 1.64 1.38 1.38
h 0.334 0.334 0.234 0.234
Table 2.3 Values of constants for the predictive equation presented by Attewell et al (1992b).
Vibrodrivers Impact hammers
For a high level of 
confidence that predicted 
values will not be exceeded * \ e s  = 1-8
W c
d
-  1-5 ■
yfw
d
For more probable 
magnitudes of vibration* '’r« = 1-0 d
0.95
#
d
■ 0.87
Vibration magnitudes 
unlikely to be exceeded 
significantly in most cases ^
V, = 1.0 s/K
S
\  = 0.75 slW
s
is the nominal energy per cycle (J); W is the nominal energy (J); d is the distance measured along the 
ground surface from the pile (m); and s is the slope distance from the pile toe (m).
Table 2.4 Simple predictors for preliminary estimation of vibration from piling proposed by 
* Attewell (1995) and ^British Standards Institution (1992b).
predicted magnitude to 16 per cent. Combining these probability levels with the quadratic 
interpretation of the field data, expressions of the following form were presented, with different 
values of ^  and given for impact hammers and vibro drivers (Table 2.3);
d
■Jw [2.9]
where v^ es is the true resultant ppv (mm/s);
W is the nominal hammer energy (joules) or the vibrodriver energy (joules per cycle); 
d  is the horizontal distance (m).
Attewell (1995) re-presented these quadratic expressions together with simpler predictors in 
the form of Equation 2.4. The latter are presented in Table 2.4:, together with similar 
expressions adopted by the British Standards Institution (1992b) for the prediction of vibration 
from piling.
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Head and Jardme (1992) suggested that Equation 2.8 could be used for preliminaiy assessment 
of vibration from either percussive or vibratory pile driving, with the ppv calculated as the 
simulated resultant particle velocity (v Section 2.1). Hiller and Hope (1998) presented field 
data which showed that, for impact piling, the simulated resultant ppv is typically 50 per cent 
greater than the peak component particle velocity. Hence, use of the simulated resultant in 
Equation 2.8 as recommended by Head and Jardine, effectively reduces the value of ^  to a value 
of approximately unity. Head and Jardine suggested that k could have a value of between 0.1 
and 1.5 (for W in joules and v in mm/s) and y had a value of between 0.8 and 1.5, depending 
on the soil characteristics. However, Head and Jardine provided no guidance on how to select 
appropriate values of k and)/.
Head and Jardine (1992) specified that their predictor should be used only for values of \/Wlr 
in the range 1.0 to 30J^/m. While it is useful to emphasise that empirically based predictive 
equations may become unreliable beyond the range from which the data were obtained, the 
range quoted by Head and Jardine is unhelpfiil in practice. More usefolly, the range of driver 
energies and distances from the pile could have been specified separately, although Head and 
Jafdine went some way towards this by stating that the limit of30J^/m usually implied that the 
relation would not be applicable closer than 5m.
Although as early as 1957 Baba and Toriuim had observed that the ground conditions affected 
the magnitude of vibration arising from pile driving (Baba and Toriuim 1957), it was Whyley 
and Sarsby (1992) who first presented a predictor based on Equation 2.8 but with different 
scaling factors for use in different ground conditions. Three values of k  (Equation 2.8) were 
proposed, from 0.25 to 1.5, which predicted an increasing vibration magnitude with increasing 
stiffiiess or density of the soil. Although not stated explicitly, the graphical presentation of 
Whyley and Sarsby’s predictor suggests that it was intended for use for distances greater than 
2m Interestingly, Whyley and Sarsby called the ratio ^/Wlr the scaled distance, rather than the 
scaled energy used by Wiss (1967).
A predictor similar to that given by Whyley and Sarsby has been given by the Adopted 
European Prestandard Eurocode 3, Chapter 5 (CEN 1998) and is included in the latest 
guidance on vibration from piling provided by British Steel (British Steel 1997a). The CEN 
predictor, which predicts the resultant ppv (v^ J^, assigns values from 0.5 to 1.0 to k 
(Equation 2.4) for percussive piling, the value being dependent upon the soil. The range of soil 
dependent k values recommended by CEN is smaller than that suggested by Whyley and Sarsby. 
The Eurocode document also provides guidance on prediction of vibration from vibrodriving, 
suggesting a value of A: of 0.7 for all soils. The CEN guidance is specified to be applicable only 
at distances (t/)greater than 5m from the pile.
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A prediction method with a different basis than those reviewed above was developed by Lo 
(1977) which assumed attenuation of vibration occurred according to Equation 2.6. Lo’s 
method required separate estimation of the rate of attenuation, governed by the material 
damping coefficient (a), and the ppv (v j at a reference distance (see Section 2.4.1). 
Values of a and v, were determined from driving test piles. Lo considered that the value of Vj 
for the main driving works was dependent upon the blow count, the nominal driver energy and 
the cross sectional area of the pile. Lo presented graphs and equations to enable to be 
calculated for the main piling works. Although Lo’s niethod appears to offer a comprehensive 
approach to vibration prediction, it has not been widely cited in the literature.
All the methods described above for the prediction of groundbome vibration from piling 
attempt to enable preliminary predictions to be made by desk study alone on the basis of field 
data. Figure 2.13 computes the ppvs which are predicted by the various methods described. 
Figure 2.13 shows that the predicted magnitude of ppv is very dependent upon which predictor 
is applied. In particular, the predicted magnitude of vibration is dependent upon whether the 
geology is considered and the predictors diverge at distances of less than approximately 10m.
An alternative approach to prediction was proposed by van Staalduinen and Waarts (1992), 
using data from cone penetration tests to characterise the ground conditions, from which 
vibration predictions were made. The authors commented that this technique would be less 
reliable than using site specific vibration measurements but noted that it would also be less 
expensive. Van Staalduinen and Waarts based their predictor on Mintrop’s (1911) equation 
(Equation 2.6). The proposed model had only been developed on one site at the time van 
Staalduinen and Waarts published their paper and it therefore required further validation to 
verify its general applicability.
Jongmans (1996) considered that empirical prediction methods could yield erroneous vibration 
assessments because predictions are based on the assumption of a half-space, with no account 
taken of the effect of local variations in geological conditions on the amplitude of the ground 
vibration. Jongmans proposed a method which required the separate determination of a source 
function and a propagation fimction in order to reconstruct the ground motion at any distance. 
A seismic investigation of each particular site was required to determine the geometry and 
dynamic properties of the ground, from which the propagation fimction was determined. The 
source fimction was considered to be dependent upon the pile type, driving method and ground 
conditions at the pile toe. Jongmans presented a case study, where the proposed technique was 
successfiiUy tested, and advocated the assembly of a database of detailed case histories so that 
the technique could be applied to other sites.
To summarise, a number of empirical methods for the prediction of groundbome vibration from 
piling have been proposed in the literature. Those in the form of the Attewell and Farmer
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(1973) equation (Equation 2.4) have considered the nominal energy input at the source and 
attempted to fit curves to field data. This has resulted in a series of different scaling factors 
which can be applied within essentially the same equation. This approach has been developed 
for percussive piling and adapted to vibratory driving by use of the energy per cycle of the 
vibrodriver. Whyley and Sarsby (1992) and CEN (1998) proposed different scalirlg factors for 
prediction of groundbome vibration caused by percussive piling which were dependent on the 
ground conditions. Van Staalduinen and Waarts (1992) and Jongmans (1996) attempted to 
quantify the effects on vibration magnitude of parameters other than the driver energy so that 
site specific predictions could be developed.
2.5.3 Vibratory compaction
Despite the potential for vibratory Compaction to dissipate large amounts of energy in the 
ground, there has been much less investigation of the groundbome vibration generated than 
there has been for piling. There have been very few detailed investigations and case studies are 
relatively rare. This may reflect the different applications of piling and compaction plant. Piling 
is often required within an urban location, often very close to buildings, whereas heavy 
compaction requirements for highway earthworks or dam constmction are more common in 
locations remote from existing stmctures.
Based on Forssblad’s own research and data from studies by Appeltoffi et al (1970), Forssblad
(1974) determined a mle of thumb for calculation of distances at which it was safe to operate 
vibrating rollers. These safe distances were based on a vibration threshold limit of lOmm/s. 
The same empirical relation was subsequently reported by Forssblad (1981) based on a limit, 
for what Forssblad described as architectural damage, of a ppv of 5mm/s. The safe working 
distances (in metres) for towed and self propelled vibratory rollers, operating on soil, was 1.5 
times the mass (in tonnes) of the roller acting through the drum. For tandem rollers used on 
soil and asphalt, the factor was reduced to a value of 1.0. Forssblad’s predictor is of limited 
use since it is not possible to predictor safe distances if other vibration limits are specified, such 
as may be required for different types of stmctures or for the assessment of intmsion. 
Forssblad's work was summarised by Holmberg et al (1984) who misquoted the relation for 
tandem rollers.
Wheeler (1990) undertook a study (Section 2.3.3.2) from which a predictor was established by 
fitting an upper bound equation of the format used by Attewell and Farmer (1973) for vibration 
from piling (Equation 2.4):
' ’r« = 3 - 1 6 ^  [2.10]
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where is the resultant ppv (mm/s);
Wc is the theoretical energy per cycle (J); and 
d  is the radial distance from the roller (m).
Wheeler specified the ppv as the peak resultant particle velocity (in mm/s). The energy term 
{W^ was the nominal energy per cycle (injoules), as used for vibratory piling. The energy per 
cycle was calculated from the theoretical power output of the engine and the vibrator operating 
frequency specified by the plant manufacturers. Wheeler’s data were acquired over distances 
of up to 20m from the source, which in practice restricts the use of the predictor to damage 
assessment. For most rollers. Equation 2.10 predicts perceptible vibration at distances greater 
than 20m.
2.6 The influence of the literature review on the current research
The literature contains details of many investigations which have been undertaken to predict 
magnitudes of groundbome vibration arising from pile driving. There have also been a large 
number of case histories reported. Groundbome vibration arising from dynamic compaction 
has received some attention, albeit by only a small number of authors. An empirical equation 
for prediction of groundbome vibration from dynamic compaction has been proposed (Mayne 
1985) which is based on a number of case histories.
Of the four civil engineering activities considered in this review, the least information is 
available for the prediction of groundbome vibration from vibratory compaction. A rule of 
thumb indicating safe working distances based on roller weight was proposed by Forssblad 
(1981) and a predictor which relates vibration magnitude to distance and energy per cycle was 
proposed by Wheeler (1990). No consideration appears to have been given to other parameters 
which may affect the groundbome vibration magnitude.
Given the small amount of research undertaken on groundbome vibration caused by vibratory 
compaction, and the common use of such plant in large scale constmction works, the current 
research has focused largely on vibrating rollers. The majority of the field data acquired during 
the study were from vibrating rollers, as described in Chapter 3. In addition, data were 
acquired on a number of piling sites and on two dynamic compaction sites  ^primarily with the 
objective of validating the existing predictors.
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Figure 2.3 Generation of groundbome noise by tunnelling works.
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Figure 2.8 Coordinate system for vibration affecting humans (British Standards 
Institution, 1992a).
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Figure 2.9 Summary of guidance on vibration criteria given in British Standards. 
Damage thresholds are for domestic buildings exposed to transient vibration.
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3 DATA ACQUISITION
To enable the validation and development ofmethods ofpredicting groundbome vibration from 
mechanised civil engineering ’works, it was necessary to acquire field data from the construction 
activities under investigation. This Chapter describes the experimental work undertaken during 
the current research and presents details of the d^ta acquisition equipment and its use. The data 
acquisition process, described in Section 3.1, was similar for all the construction activities 
which were investigated. Where specific methods were required for measurement of vibration 
from any activity, details are described in the relevant Section of this Chapter.
3.1 The data acquisition equipment and its use
The equipment used during the current research for acquisition of vibration field data was 
common to all the activities studied. The instruments and their calibration and use are 
described in this Section.
3.1.1 Equipment
The instrumentation system used both on live constmction sites and for the controlled 
experiment, illustrated in Figure 3.1 and schematically in Figure 3.2, was developed from that 
reported by Hiller (1991). The eqiiipment was transported in and operated from a four wheel 
drive mobile laboratory.
The transducers used for all measurements of groundbome vibration were Sensor SM6a 
geophones with a natural frequency of 4.5Hz and a linear response (within ±5 per cent) 
between approximately 5Hz and 300Hz (Figure 3.3). The zero-to-peak displacement limit of 
these geophones is 2mm. Geophones have the practical benefits of not requiring a power supply 
and producing a high output voltage, allowing them to be used with very long cables. In 
addition, the output voltage is proportional to velocity, which is the parameter most commonly 
used for quantifying groundbome vibration (Section 2.1).
For vibration measurements made directly on the vibrating drums of rollers (Section 3.4.2), 
where the vibration velocity exceeded the operational limits of the geophone system, Monitran 
MTN1100/75 accelerometers were used. These have an acceleration range of ±50g (where g  
is the acceleration due to gravity) and a linear response proportional to acceleration, from about 
IHz to 10,000Hz. Measurements in velocity terms require integration of the accelerometer 
outputs. Base Hne drift in the integrated signals precluded the use of these accelerometers for 
measurements of peak particle velocity (ppv) at frequencies lower than the operating range of 
the geophones.
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Individual transducers Avere screv^ed into three orthogonal faces of aluminium cubes to create 
triaxial arrays which were used at each measurement location. Transducers were connected to 
the rest of the system via individually screened twisted pair cables. Rugged waterproof 
connectors ensured reliable use of the equipment, even in wet conditions.
Analogue signals generated by the transducers were amplified and a low pass filter was applied 
to prevent aliasing. The conditioned signals were then digitised and stored into memory by a 
Cambridge Electronic Design 1401plus 16 channel data acquisition unit. The analogue-to- 
digital converter in this system allowed sampling at an aggregate fi*equency of up to 148kHz 
and had 16 Mbytes of meniory. At a typical sampling frequency of approximately 2kHz, this 
enabled about four minutes of continuous signal to be captured simultaneously from five triaxial 
transducer arrays. The digital data files were saved on 128 Mbyte magneto-optical discs for 
subsequent analysis.
3.1.2 Calibration of the instrumentation
To ensure the integrity of the data, all components of the acquisition system were calibrated 
before use. The amplification and recording components of the equipment were calibrated by 
their manufacturers. The accelerometers were supplied with individual calibration certificates, 
but the geophones were specified only as having a nominal sensitivity for the type of geophpne, 
not for individual instruments.
One accelerometer, for which a calibration curve was obtained from the manufacturer, was used 
as a reference accelerometer against which the calibrations of the geophones were checked 
according to British Standard BS 6955 : Part 3 (British Standards Institution 1994). The 
accelerometer was mounted back-to-back with each geophone in turn on an electrodynamic 
vibration generator. The signals from the transducers were captured by the acquisition system 
and the ppv measured by each geophone was compared with the ppv measured by the reference 
accelerometer. The sensitivity of each geophone was determined to be within the 
manufacturer’s specified tolerance (Figure 3.3) so the sensitivity quoted by the manufacturer 
was used.
The response of geophones is directional and their sensitivity is specified within a limited range 
of angles of deviation about the operating axis. As a part of the calibration procedure, the 
effect on the sensitivity of the geophones to misalignment was investigated, to assess whether 
it was necessary to measure the mounting alignment for field measurements. The results of 
these tests are illustrated in Figure 3.4. The horizontal axis geophones were more sensitive to 
correct alignment than were the vertical geophones. For the vertical axis geophone, the 
sensitivity was well within the ±5 per cent tolerance specified by the manufacturer at the 
maximum tilt angle tested (20° from vertical). The sensitivity of the horizontal axis geophone
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remained within the 5 per cent limit for a tilt of up to 6 ° from the horizontal. It was concluded 
that for field measurements, alignment of the geophones by eye would cause only acceptably 
small errors.
3.1.3 Methodology for field measurement of vibration
Throughout this research, three orthogonal components of vibration were recorded at all the 
ground surface measurement locations using triaxial transducer arrays. These arrays were 
screwed on to 200mm long stainless steel spikes driven fully into the ground. Each array was 
orientated so that the horizontal axis geophones were aligned parallel to the direction of the 
source from the geophone (described here as the horizontal radial direction) and normal to this 
(the horizontal tangential direction). Where necessary to achieve a secure coupling with the 
ground, any loose soil or vegetation was removed before the mounting spike was driven.
The number of locations at which vibration measurements could be made simultaneously was 
restricted to five triaxial arrays by the number of channels of the data acquisition system 
(Section 3.1.1). The attenuation of vibration with distance is approximately logarithmic 
(Section 2.4) and data are commonly plotted on logarithmic axes of ppv against distance. 
Therefore, where permitted by the site conditions, the geophones were positioned such that the 
separation between adjacent arrays increased with increasing distance from the source of 
vibration. Typically, the proximal geophone array was positioned as close as practicable to the 
source and the most distant array was up to 100m fiirther from the source.
Groundbome vibration from mechanised construction works commonly contains energy at 
frequencies no greater than lOOHz, and in most cases the dominant frequencies are much less 
than this. The analogue signal from each geophone was sampled at approximately 2kHz with 
a low-pass (anti-aliasing) filter at 800Hz. This ensured that, for all activities, the Nyquist 
frequency was well in excess of the frequencies anticipated.
3.2 Acquisition of field data from dynamic compaction
During the current study, data were acquired on two sites where dynamic compaction plant was 
operated. The site at Coventry was a commercial ground improvement project, whereas at 
Snodland the dynamic compaction apparatus was used to determine the propagation 
characteristics of the site. During the tests at Snodland an experiment was also undertaken to 
investigate the effect of drop height on the vibration magnitude.
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3.2.1 Coventry
The site at Coventry v^as a brownfield site which was being redeveloped. The surface material 
comprised a layer of crushed concrete over a variable thickness (typically 2m) of made ground. 
Below the made ground was Im thickness of clay which overlay the mudstone bedrock.
An 8.5 tonne tamper, square in plan, was dropped from a height of 10m for the main works. 
Some additional impacts from the maximum possible height (12m) for the rig in use were also 
undertaken. The range of distances from which data were acquired was from 5m to 120m. It 
was not possible to measure vibration closer than 5m because the data acquisition system, using 
the geophones, was limited to a maximum upper limit of200mm/s. At a distance of 5m from 
the impact, the maximum component vibration reached 184mm/s.
3.2.2 Snodland
The measurements at Snodland were undertaken using a dynamic compaction rig as an energy 
source to investigate the attenuation characteristics of the ground along four profiles during a 
site investigation project (Figure 3.5). For each of the four profiles, the dynamic compaction 
rig was used to drop a 10 tonne, square tamper from heights of 2m, 5m, 7m and 10.4m. For 
Profile 1, an extra set of tests for a 4m drop height were undertaken. For each drop height, 
vibrations from three impacts were recorded. The distances from each impact location of the 
five arrays were approximately 10m, 50m, 100m, 200m and 400m. The distances to the 
furthest geophone were slightly restricted in some cases because of the topography and land 
use.
At the first location, for which vibrations were recorded along Profiles 1 and 2, the topography 
was essentially fiat. The area was in the base of a former chalk quarry which had been 
landscaped. It was attempted to locate both the source and the geophones directly on the 
chalk. At the source location, the surface material was removed to a depth of approximately 
200mm, which revealed intact chalk. At each geophone location, holes were excavated using 
a back hoe to expose the chalk. In some cases, despite excavating to depths of 1.5m, the chalk 
was not encountered. Where the chalk was not exposed, the geophones were installed just 
below the ground surface in firm fill material. Table 3.1 summarises the conditions at each of 
the geophone positions for Profiles 1 and 2. It was noted that for Profile 1, the one geophone 
array which was not located directly on the chalk recorded a signal which had different 
characteristics to those from the other geophones (see Figure 5.1.6).
At the second impact location at Snodland (Profiles 3 and 4; Figure 3.5b), the chalk was 
overlain by natural superficial deposits. The geophones were installed in shallow holes, 
excavated to just below the cultivated soil layer, at a depth of approximately 0.3m below
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Geophone Installation depth bgl (m) Ground conditions
A 0.4 Chalk
B 1.0 Chalk
C 0.8 Chalk
D 0.25 Fill (no chalk encountered to 1.5m bgl)
E At surface Chalk
F 0.4 Chalk
G 0.5 Fill (no chalk encountered to 1.2m bgl)
H 0.3 Fill (no chalk encountered to 1.2m bgl)
I 0.5 Loose weathered chalk
J 0.3 Chalk
Table 3.1 Ground conditions at the geophone locations for Snodland Profiles 1 and 2.
ground level. The topography was a gentle uniform slope, such that the most distant geophone 
(E) on Profile 3 was approximately 10m above the source. The superficial deposits at this 
distant geophone consisted of only the cultivated layer. The chalk was sufficiently close to the 
surface that this geophone was installed in the chalk.
3.3 Acquisition of field data from piling
Piling data for the current study have been acquired fi*om eight sites, incorporating eleven 
different piling operations, the details of which are summarised in Table 3.2. Where possible, 
during acquisition of data fi'om percussive piling, the depth of the pile toe beneath the ground 
surface was recorded by reference to gradations marked on the pile. These gradations were 
marked by the contractors to enable the determination of the blow count. Fewer vibratory 
driven piles were marked in this manner, so fewer pile toe depth data were acquired for 
vibrodriving than for percussive piling. The total amount of data acquired from each site 
differed between sites, depending upon the rate of progress of piling, since the time available 
at each site was to some extent restricted.
3.3.1 Percussive piling
Details of the piles and the type of hammer used at each percussive piling site are given in 
Table 3.2. This Section describes the geology and topography on each site and any limitations 
that were encountered during the acquisition works.
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3.3.1.1 The A47 site
The A47 site was the location from which the most comprehensive set of piling vibration data 
was acquired during the current study. Steel H-piles were driven to provide foundations for 
the piers of an overbridge. The piles were driven in two stages. On the first visit to the site the 
lower sections, 13m long, were driven. Subsequently, 15m long upper sections were welded 
to the under-piles and these were then driven fully into the ground. For driving the first 4m of 
each pile, the toeing-in operation, a 0.2m drop height was used. Subsequently, a drop height 
of 0.5m was used throughout. At some of the pile locations, the ground was so weak that the 
piles only required a single blow for them to penetrate to a depth of approximately 6m. Some, 
but not all, of the piles were marked in 0.25m intervals so that the contractor could record the 
blow count. These marks were used by the author to determine the pile toe depth during 
driving.
Figure 3.6 shows details of the site and the geophone locations. For the measurements made 
closest to the piles it was necessary to install a geophone on the working platform, which was 
an approximately Im thick layer of compacted granular fill. The distances of the geophones 
from the pilCj measured along the ground surface, were between Im and 109m. The 
topography was flat and level. The geology of the site is illustrated in Figure 3.7.
3.3.1.2 The A13 site
At the A13 site, piles were driven to provide a foundation for bridge piers for the A13 
improvement on Rainham marshes in Essex. The soft ground required the construction of a 
haul road and working apron for the plant, which limited the proximity of the closest geophone 
to the piling works. To have located a geophone close to the piling would have required a data 
cable to cross the haul road, which might have resulted in the cable being damaged by site 
trafiSc. Data were therefore acquired at distances ranging from 21 to 111m. Piling for two 
separate pile groups, which were approximately 30m apart, were recorded.
The topography was fiat and level. The geology was soft silty clay (alluvium), with occasional 
layers of peat, to a depth of 12.5m below ground level where medium dense Terrace Gravels 
occurred. The gravels became very dense at a depth of 15m. The Woolwich and Reading beds, 
consisting of medium dense to dense fine gravel, occurred at a depth of 18m.
Although the data from the A13 site have been included m the analysis, it is possible that the 
ppvs which were recorded were not a true measure of the vibration of the ground. Figure 3.8 
presents spectra from percussive piling at the A13 site. The spectra show that the ground 
vibration contained part of the energy at frequencies of less than 5Hz, which is below the lower 
end of the operational frequency range of the geophones (Figure 3.3). The geophones may
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therefore have not produced an output which was representative of the actual groundbome 
vibration magnitude. Figure 3.8 demonstrates the importance of undertaking a frequency 
analysis of vibration data at the time of acquisition.
3.3.1.3 The M66 site
On the M66 site, sheet piles were driven to provide a temporary retaining wall. The piles were 
driven through a 3m high temporary berm constructed on top of a 2.5m high working platform. 
Below this platform was 0.5m thickness of made ground overlying firm sandy silty clay with 
occasional pebbles and sandstone fragments. This geology persisted to the end of the borehole, 
at a depth of 24m, generally becoming increasingly stiff with depth.
The in situ ground \Vas flat, but in order to position a geophone close to the piles, the closest 
geophone was installed on the working platform. The closest measurements were acquired 
from a distance of 7.5m. The measurements on the in situ ground were made at distances of 
between 23.4m and 79.2m. The fiirthest distance at which geophones could be positioned was 
restricted by a lack of access.
3.3.1.4 The Dee Crossing (eastern approach) site
At the Dee Crossing percussive piling site, pre-cast concrete piles were driven to support bridge 
piers on the eastern approach road to the Dee Crossing, which forms part of the A548 Shotton 
- Connah’s Quay by-pass. The piles were raked at a horizontal to vertical gradient of 1:4. The 
site was fiat and level. The geology comprised fill, predominantly silt, to a depth of 2.5m, 
overlying alluvium. The alluvium extended to a depth of 22.6m and was comprised largely of 
medium dense fine sand. Below the alluvium, glacial till occurred.
3.3.1.5 The Radstock site
Measurements were made at the Radstock site at Dudley Vale Piling’s depot during a trade 
open day. The site was fiat and level and comprised colliery waste to an unknown depth and 
of unknown condition. Data were acquired from a limited number of impacts of a sheet pile 
during the demonstration. It was possible to install geophones very close to the pile on this 
site, the closest was at 0.8m from the pile. The greatest distance which could be monitored was 
restricted to 73.5m by the security fence around the depot.
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3.3.1.6 The Merry Hill site
The data acquisition at the Merry Hill Centre in Dudley was undertaken as part of a separate 
study, but some of the data have been useful for the current research. At the site, a sheet pile 
retaining wall was being constructed by the percussive driving of piles into pre-augered holes.
An attempt was made to measure simultaneously the behaviour of the pile and the response of 
the ground. Three triaxial arrays of geophones were installed at distances of 10.1m 19.1m and 
27.8m horizontally from the pile. The locations which could be accessed were limited by land 
use. The closest geophone array was bonded to a concrete slab, since no suitable soil was 
available into which a spike could be driven. For the two more distant geophone arrays, spikes 
were used to mount the geophones in the ground, as normal.
A triaxial accelerometer array and a pair of electrical resistance strain gauges were bonded 
directly onto the pan of a pile. Unfortunately, the accelerometer array debonded from the pile 
soon after driving commenced. Also, although it was not appreciated whilst on site, the 
sampling frequency of 8kHz per channel proved to be too low to record the dynamic strain. 
Hence, the only usefiil data to be obtained were from the geophones. In particular, part way 
through the driving, a series of hammer blows from four different drop heights was undertaken, 
enabling the effect of the nominal energy on the vibration magnitude to be measured.
3.3.2 Vibratory piling
Details of the vibrodrivers used and the piles driven on the five vibratory piling sites from which 
data were acquired during the current study are provided in Table 3.2. The geology proved to 
be fundamental to the interpretation of the field data from vibratory piling: the geological 
profiles for each vibrodriving site are provided in Section 4.3. This Section describes the 
topography and any particular features of each vibrodriving site and the acquisition process.
3.3.2.1 The Dee Crossing (western approach) site
Vibrodriving was monitored at the Dee Crossing on the western approach to the bridge. The 
geology, illustrated in Figure 4.3.15, was different to that on the eastern approach where 
percussive piles were driven (Section 3.3.1.4). Little space was accessible for vibration 
measurement at the vibrodriving site so only four triaxial geophone arrays were deployed. The 
three geophones positioned closest to the piling were installed in an undisturbed area of grass. 
In the absence of any more suitable location, the most distant geophone was installed on a 
working apron of compacted fill. It was possible to monitor the driving of a number of 
different piles which therefore provided data from a range of distances from 10m to 92m,
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despite the limitations on geophone positions. Vibrations arising from driving and extraction 
operations Avere measured.
3.3.2.2 The A ll ,  Foxes Bridge site
The geology at the A11 site is illustrated in Figure 4.3.17. The site was flat and level over the 
extent of the area where geophones were installed. Access close to piling was restricted by the 
site operations so that the closest distance at which data were acquired was 18.9m. The more 
remote locations were limited by a road which was under construction. However, because a 
number of piles were monitored, data were acquired from distances ranging from 18.9m to 
105m. Vibration arising from both driving and extraction of pile casings was recorded. Some 
of the data from the most distant geophone array were contaminated by interference from other 
construction works.
3.3.2.3 The Second Severn Crossing site
This site was at a location on the M49 southern approach to the Second Severn Crossing where 
cast in situ piles were being installed to provide bridge pier foundations. All the geophones 
were installed in flat and level natural ground alongside a haul road. The geological profile of 
this site is illustrated in Figure 4.3.12. The closest geophone array was at a  distance of 5.7m 
from the piles and data were acquired at distances extending to 107m. Both the driving and 
extraction of pile casings were monitored.
3.3.2.4 The Derby Southern Bypass site
Piling at the A564 Derby Southern Bypass site was being undertaken alongside a canal. 
Geophones were located alongside the towing path. The geology at the site is illustrated in 
Figure 4.3.16. Although five triaxial geophone arrays were deployed, the geophone which was 
the most distant from the piling did not yield any useful data because activity within an adjacent 
borrow bit contaminated the piling vibration data. The range of distances from which useable 
data were acquired was therefore 14.5m to 75.3m.
3.3.2.5 The Radstock site
This was the same site as that on which percussive piling data were acquired (Section 3.3.1.5). 
Groundbome vibration arising from operation of two vibrodrivers was measured. The first 
vibrodriver was the ICE 14RF, which has the facility to operate in such a way that the vibration 
during the start up and run down stages of operation is minimised. This is called resonance 
free operation (International Construction Equipment, undated) and is achieved by a vibratory 
mechanism which allows the rotating system to be accelerated up to its operating frequency
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with the rotating masses in balance (Figure 3.9a). When the operating frequency is reached, 
the relative positions of the rotating masses are rearranged to be out of balance (Figure 3.9b), 
thereby generating vertically polarised vibration. A number of short start-run-stop cycles were 
recorded, with the vibrodriver operating in both conventional and resonance free modes.
The second vibrodriver used at this site was a small ICE 328SH driver which was mounted on 
the boom of a backactor and used to drive light sheet piles. Vibration from installation and 
extraction was measured.
3.4 Acquisition of field data from vibrating rollers
The acquisition of vibration data from vibrating rollers was undertaken in two stages. Initially, 
vibrations arising from compaction works on live construction sites were measured, during 
which several practical diflQculties were encountered (Section 3.4.1). Subsequently a trial 
earthwork was constructed on which plant could be studied in a more controlled environment 
than was available on live construction sites (Section 3.4.2). Analysis of the data from the 
controlled experiment suggested that the type of fill affected the magnitude of vibration. 
Further measurements were undertaken on a test road, constructed as part of a separate 
experiment, on which a limited investigation of the effect of the fill stififiiess on the vibration 
magnitude was possible (Section 3.4.3).
3.4.1 Construction sites
During the current study, vibration arising from vibratory compaction was measured at 16 
different construction sites. The details of the plant, fill, topography and range of distances 
from which data were acquired on each site are presented in Table 3.3. The geology of the 
sites is summarised in Figure 3.10. Detailed accounts of each site are not presented because 
the data analysis focused mainly on the data from the controlled experiment (Section 3.4.2). 
The data from the live construction sites have been used to validate the prediction method 
proposed on the basis of the data from the controlled trial.
The need to undertake the controlled experiment during the current study arose because of a 
number of limitations and difficulties encountered during the acquisition of data on live sites as 
follows.
i) Limitation of the quantity of data which could be obtained from each site because of the 
requirement that the construction works were not affected by the vibration 
measurements.
ii) Difficulty in determining the number of passes of the roller over each section of the fill.
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iii) Occasional uncertainty in the distances between the roller and the geophones because 
of the difficulty in identifying the instantaneous location of the roller during the 
measurements.
iv) No control of the speed at which the roller passed the monitoring locations.
v) Contamination of the vibration records with vibration from other plant movements.
vi) Inconsistency in the topography of the sites.
vii) Variation between sites in the depth ofthe fill on which the plant operated,
vni) No knowledge of the degree of compaction achieved during the monitoring.
ix) No control over the moisture content of the fill.
x) Lack of detailed knowledge of the ground conditions beneath the fill on some sites.
To overcome these limitations an experiment was proposed within which vibrating rollers could 
be operated on a specially constructed earthwork and the vibrations could be measured in a 
controlled environment. This experiment is described in Section 3.4.2. Additional testing 
undertaken on a separate test road to investigate the effect of fill stiffiiess on the vibration 
magnitude is described in Section 3.4.3.
3.4.2 The controlled experiment
Field trials to determine the magnitudes of vibration arising from compaction plant were 
undertaken on a purpose built test bed to overcome the restrictions encountered on live 
construction sites. This Section describes the design and construction of the earthwork. 
Details of the tests undertaken with each roller are also described.
3.4.2.1 Selection of the trial site
A location was required for the trial with the following attributes.
i) A flat and level ground surface.
ii) Sufficient space to enable measurement of vibration over a distance of 100m without 
encountering topographical changes.
iii) Easy access for plant and construction materials.
iv) A knowledge of the ground conditions, without the need for a ground investigation.
v) Low ambient levels of groundbome vibration.
A suitable site was identified within the grounds of the Transport Research Laboratory (TRL) 
at Crowthome. The site was on the edge of a football field, so the dimensions and topography 
were suitable (Figure 3.11). The natural ground conditions were known from the site 
investigation work undertaken at the time of constmction of TRL’s test track (Lewis 1954). 
The upper soil layers were known to %)e fill material placed to achieve a level playing surface. 
To the east of the trial site, the TRL test track is located in a shallow cutting. On the north side
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of the trial site runs the B3430 road, called Nine Mile Ride. It was desirable that the most 
distant location at which vibrations were to be measured was not close to the road, to prevent 
the vibrations which were to be measured from being contaminated by vibration from road 
traffic. It was also required that the geophones were remote from the test track cutting slopes, 
to maximise the uniformity of the site. Consequently, the location and orientation of the test 
structure was selected so that the most distant geophone, 100m from the test bed, was located 
approximately midway between the test track and the B3430.
3.4.2.2 Design of the earthwork
The earthwork was required to be of sufficient length and vddth that it was able to 
accommodate compaction plant representative of the largest categories currently in use in the 
UK. It also had to be constructed wfith a sufficient thickness of fill that the compaction effect 
of the largest plant would be contained within the fill material. The required depth was 
determined from data given by Parsons (1992). Two separate earthworks were to be 
constructed, each using a different fill, so that any effect of fill type on the magnitude of 
vibration could be investigated.
T wo 4m wide embankments, each composed ofa different material, were planned. These would 
be constructed side-by-side, so that the amount of imported fill required was minimised, by 
eliminating two ofthe side slopes (Figure 3.12). The embankment would be constructed 'with 
a total height of 1.5m, founded at 0.5m below the existing ground level, in accordance with the 
common practice of removal of the topsoil ahead of the construction of embankments. 
Founding the embankment below ground level had the advantage of reducing the height of the 
embankment, thereby reducing the total volume of fill required and improving safety for the 
plant operatives. The structure was designed to have a length of 10m, excluding the access 
ramps which would be required at each end.
Two commonly used fill materials with different material properties were required, both of 
which could be compacted to the requirements ofthe Specification for Highway Works (SHW) 
(Department of Transport 1993) by the largest possible range of plant. The materials which 
were selected were a Class 1A (well graded granular) general fill and a Class 2A (wet cohesive) 
general fill. The granular fill was as-dug hoggin from Eversley, Hampshire and the cohesive 
material was London Clay from the Isle of Sheppey. Smooth drum rollers would not normally 
be allowed for compaction of wet cohesive materials which have a liquid limit in excess of 50 
per cent: tamping foot or grid rollers should be used. This is because shear surfaces may 
develop in the clay, possibly leading to premature failure of the embankment (Whyte and 
Vakalis 1987). This was not considered to be a problem for this experiment since the 
embankment had a low height and was only required to remain serviceable for a period of a few 
months.
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3.4.2.3 Construction of the trial earthwork
At an early stage of the construction it was decided to increase the foundation depth from 0.5m 
to Im, although the same total thickness of fill as originally planned was to be used. Increasing 
the foundation depth would significantly reduce the volume of fill required and simplify the 
construction process by reducing the side slopes and ramps.
Excavation revealed the soil profile illustrated in Figure 3.13. The fill had been placed on top 
of forest floor débris, including tree stumps and branches. Below the forest floor deposits, the 
soil in the former root zone, at a depth of Im below existing ground level, was very soft 
mottled silty sand. This layer was at the depth intended to be the foundation depth for the 
embankment, but it was too soft to traffic, having an in situ California Bearing Ratio (CBR), 
determined using a hand held cone penetrometer (Black 1979), of less than one per cent. The 
excavation depth was therefore continued until a suitable foundation material was encountered. 
This occurred at a depth of 1.5m, in a grey fine sand which had an in situ CBR of typically six 
per cent.
Before backfilling of the excavation began, a hole approximately 200mm x 200mm x 150mm 
deep was excavated at the mid point of each half of the pit (Figure 3.14). Uniaxial vertical 
geophones were installed in these two holes such that the top of each geophone was flush with 
the foundation level. The geophones were mounted on 80mm long spikes pushed into the 
undisturbed ground and the excavated material was then replaced and hand tamped around 
them. The cables from the geophones, fitted with an armoured duct to protect them during the 
subsequent construction, were brought out to one side of the excavation.
The need to remove the soft ground resulted in a deeper excavation than had been designed 
(Figure 3.14a). Therefore, to ensure that the volume of imported fill was sufficient to complete 
the construction, an additional supply of Class 1A crushed limestone granular fill was used for 
the first three layers across the whole base of the excavation (Figure 3.14b). The first two 
layers of the fill were placed according to the requirements of the Specification for Highway 
Works (Department of Transport 1993). A Bomag BWIOOAD smooth drumtandemroller was 
used to compact two 100mm thick layers, each being compacted v^th five passes of the roller. 
In a number of locations the in situ wet sand from beneath exuded through the compacted 
material. The third and final layer of this material was therefore compacted with only two 
passes with the vibrator operating and two further passes using the roller as a dead weight 
roller, which helped to seal the base of the excavation.
Above the three layers of granular fill placed at the base of the structure, subsequent layers 
were placed with one side of the construction of hoggin and the other side of clay (Figure 
3.14c). The clay was placed on the wetter side of the excavation, since this would have the
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Fill type Moisture
condition
value
Moisture
content
(%)
Plastic 
limit (%)
Liquid 
limit (%)
Plasticity
index
(%)
Optimum 
moisture 
content (%)
Brown 
London Clay
13.6
13.3
31
34
29 78 49 27
(determined 
by 2.5kg 
rammer 
method)
Grey/brovm 
London Clay
16.8
15.8
29
31
28 78 50
Table 3.4 Classification test data for London Clay (as delivered to the test site).
FUI type Moisture
condition
value
Moisture 
content (%)
Uniformity
coefficient
Optimum moisture 
content (%)
As-dug 12.4 9 160 7.5
hoggin 10.9 10 (determined by vibrating
13.2 10 hammer method)
Table 3.5 Classification test data for hoggin (qs delivered to the test site)
lower permeability and therefore may limit any wetting of the fill fi’om beneath. Before placing 
the clay, the stockpile was rotavated (Figure 3.15) to break up large blocks into a size 
appropriate for the compaction plant, to mix the brown and grey/brown clay, and to ensure a 
uniform moisture content existed. Soil testing was undertaken to determine the properties of 
the imported fill materials. The results are summarised in Tables 3.4 and 3.5 and in Figure 3.16.
Figure 3.17 illustrates the form of the earthwork shortly before completion. Construction 
ceased when the compacted fill level had reached original ground level, which required 13 lifts. 
Compaction of the fill fi*om 630mm below ground level to ground level was completed using 
a Bomag BW120AD-3 tandem vibrating roller because of a failure of the Bomag BWIOOAD 
roller after compaction of the tenth clay layer. The earthwork was not extended to be partially 
above ground, as had been originally intended. This was because during construction it became 
evident that the presence of a ramp would present an access problem for smooth drum rollers 
on the clay because of a lack of traction. Moreover, a constant speed of travel along the whole 
length of the fill would be more easily achieved if there was no ramp to negotiate.
The earthwork provided a test bed on which plant could be operated under conditions which 
overcame the limitations encountered on the live construction sites (Section 3.4.1). One 
remaining parameter which could not be controlled and which may not have remained constant
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for the duration of the trial was the ground water level. Three standpipe piezometers were 
therefore installed at various depths close to the test bed (Figure 3.18) so that the ground water 
level could be monitored throughout the trial.
The borehole for the first piezometer to be installed was driven to the maximum depth which 
could be achieved with the available drilling rig, which located the piezometer tip at 10.15m 
below ground level. During this drive, a very wet layer of silty sand was encountered at a depth 
of approximately 6m. It was therefore intended to install the second piezometer at a depth to 
monitor this apparently perched water table. The second piezometer was installed 
approximately 5m laterally fi-om the first, but the wet layer was not present. Water was 
encountered at 8m and the piezometer was installed at 8.60m below ground level. The third 
piezometer was installed to monitor the water level at the depth at which water was 
encountered during excavation of the trial site. The piezometer tip was located at a depth of 
1.47m. The ceramic tips of the piezometers were each installed in a cell of single sized sand. 
The annuli between the access tubes and the borehole walls were backfilled with bentonite 
pellets and the access tubes filled with water. Water levels were recorded each day that 
vibration measurements were undertaken. The changes in the water levels, illustrated in 
Figure 3.19, were sufficiently small that the conditions were considered to have been constant 
throughout the trial.
3.4.2.4 Selection of plant for the trials
The selection of the rollers used for the trials was based on the range of plant specified as 
suitable by Table 6/4 ofthe Specification for Highway Works (SHW) (Department of Transport 
1993) for compacting the two fills used. The SHW categorises vibrating rollers on the mass 
per métré width of the vibrating drum, which has been shown to be a good practical measure 
ofthe performance of vibrating rollers (Parsons 1992). A method specification for compaction 
is provided by SHW which specifies the compacted layer thickness and the number of passes 
required, based on a requirement of achieving a maximum 10 per cent air voids. The sections 
of Table 6/4 fi-om SHW which are relevant to the two fill types used are reproduced in 
Table 3.6.
Initially six rollers were selected for testing. These provided the maximum possible range of 
the categories given in Table 3.6, within availability and financial constraints. Further plant 
became available at later dates, which allowed some additional testing to be undertaken, but the 
amount of testing undertaken with these rollers was restricted, for the reasons discussed in 
Section 3.4.2.6. The specification of the rollers tested is given in Table 3.7 and a photograph 
of each roller is presented in Appendix B.
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Ref
No.
Category (mass, W^ , 
per metre width of 
vibrating roll; kg)
Method 1* Method 2"
Layer thickness 
(mm)
Number of 
passes^
Layer thickness 
(mm)
Number of 
passes*
1 270< W,<450 unsuitable 75 16
2 450< W,<700 unsuitable 75 12
3^ 700<1F,<1300 100 12 125 12
4^ 1300< M7<1800 125 8 150 8
5 1800< W,<2300 150 4 150 4
6t 2300< W,<2900 175 4 175 4
yt 2900< IF,<3600 200 4 200 4
8 3600< 1F,<4300 225 4 225 4
9f 4300< W,<5000 250 4 250 4
10 5000<W, 275 4 275 4
Method 1 is suitable for wet cohesive (Class 2A) fill.
Method 2 is for well graded granular (Class 1 A) and dry cohesive (Class 2B) fill.
 ^ The required number of passes may be halved for tandem vibrating rollers.
 ^ Categories of plant tested.
Table 3.6 Extract fi'om Table 6/4 fi-om the Specification for Highway Works (Department of 
Transport, 1993) defining compaction requirements for the fill used.
3.4.2.S General testing methodology
This section describes the aspects of the testing programme which were common to all plant 
tested during the controlled experiment. Section 3.4.2,6 describes variations to this procedure 
for each roller.
The data acquisition unit enabled signals from up to sixteen transducers to be recorded 
simultaneously. For each test the ppv was recorded at five locations using triaxial arrays of 
geophones at distances of Im, 4m, 10m, 40m and 100m fi-om the edge of the test structure 
(Figure 3.18). Since the geophones were required to remain in place for several weeks, each 
array was located in an excavation at a depth such that the top of the vertical axis geophone 
was flush with the ground surface. Each excavation was then backfilled with the excavated soil, 
which was hand-tamped to ensure good coupling with the ground and to minimise the risk of 
disturbance of the instruments. The five triaxial geophone arrays required 15 of the 16 channels
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available on the data acquisition unit. The remaining channel was used to record vibration from 
the vertical axis transducer located beneath the fill material which was being compacted 
(Figure 3.14a).
For the main phase of testing the geophones remained in the same positions, which were all 
located to one side of the test structure (Figure 3.18). Consequently, the distance of each of 
the geophones from rollers operating on the hoggin was always 4m greater than when the 
rollers were on the clay. Using the same geophone locations for measuring vibration during the 
compaction of both fills eliminated any potential effects on the recorded vibration which may 
be caused by local variations in ground conditions. However, a potential limitation of this 
approach was that vibration from rollers operated on the hoggin encountered an acoustic 
impedance mismatch at the hoggin/clay interface which was not encountered by vibration from 
rollers operating on the clay (Figure 3.18). This issue is considered fiirther in Section 3.4.2.6.
For each item of plant tested, the top layer of fill was rotavated to a depth approximately equal 
to the layer thickness as specified in Table 3.6. Rotavation broke up the compacted fill, into 
a state similar to that in which it would normally be placed. For each item of plant tested, the 
following procedure was undertaken on each of the two fills.
A strip of fill, approximately centred on the centre line of the fill material, was compacted with 
one pass of the roller travelling forwards, operated at its normal operating speed and in its 
normal mode, during which the resulting ground vibration was recorded. Compaction 
operations undertaken in this way are described as normal passes here. A nuclear density gauge 
(NDG), calibrated by sand replacement tests on the two fill materials according to the relevant 
British Standard (British Standards Institution 1990b), was then used to determine the bulk and 
dry densities and the moisture content of the fill. The measurement depth was equal to the 
compacted layer thickness specified by SHW. Measurements were made with the NDG at three 
locations on the centre line of the trafficked strip.
Following the NDG measurements, the same strip of fill was compacted with a second pass of 
the roller, maintaining the same fine as the first pass, while the ground vibration was recorded 
again. For this pass, the roller was reversed over the fill, from the opposite end of the test bay 
to that from which the first pass had been made. A fiirther set of measurements was made with 
the NDG. This procedure was repeated for up to fifteen passes, with NDG measurements 
made after each of the first five passes and following the seventh, tenth and fifteenth passes. 
Compliance with Table 6/4 of SHW would not require as many as fifteen passes with any of the 
rollers tested, but compaction was continued beyond the requirements of SHW so that any 
continuing change in the magnitudes of vibration could be investigated.
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For each pass, ppv recorded by the buried vertical axis geophone was transferred to a 
spreadsheet. These data were used to monitor progress of the compaction by plotting the 
measured ppv against the number of passes, which showed a general increase in ppv with pass 
number. Compaction was continued for up to fifteen passes. Fewer passes were undertaken 
for combinations of plant and fill for which the ppv no longer increased with further passes.
Following the measurements of vibration arising firom normal compaction passes, vibrations 
caused by other operations which might occur on compaction sites were measured. Thesç 
included the transient vibrations arising during start up and run down of the vibratory 
mechanism while the roller was travelling; the effect of changing the travelling direction from 
forwards to reverse without stopping the vibratory mechanism; and operating only one drum 
of tandem rollers. Additionally, the vibration arising from operating the rollers at different 
travel speeds and different vibration amplitudes and frequencies were investigated, where these 
parameters could be varied (Section 3.4.2.6).
Direct measurements of the vibration of the drum were made for some of the rollers. These 
measurements required the use of accelerometers, which were not available at the start of the 
testing, so not all the rollers were tested in this way. The geophones were not suitable for these 
measurements because their sensitivity limited the full scale deflection of the digital system to 
±200mm/s at the minimum gain of unity. The accelerometers had a lower sensitivity, enabling 
up to approximately ±500mm/s to be recorded. Accelerometers were attached to the vibrating 
drum of the rollers by a heavy steel bracket, which was glued to the drum using a thin layer of 
Plastic Padding. The triaxial accelerometer array was then bolted on to this (Figure 3.20). 
Accelerometer arrays were also used to measure vibration of the fill as close as was practicable 
to the drum, typically at a distance of between 0.15 and 0.20m.
3.4.2.6 Testing regimes specific to each item of plant
Section 3.4.2.5 described the testing regime which was common to all plant tested. This 
Section describes variations to the general procedure which were used for each roller. The 
operations undertaken with each roller are summarised in Table 3.8 arid are described below 
in chronological order of the testing.
BenfordTV75
The first and smallest roller studied was a Benford TV75. Small pieces of plant are relatively 
cheap to hire so this roller was used to verify the experimental method before hiring larger 
plant. Successive passes of the roller were made with the roller travelling in opposite 
directions, the passes starting from alternate ends of the test bed.
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Plant Date tested Controllable variables investigated
Benford TV75 23/5/96 - 29/5/96 Travel direction 
Single drum operation
Dynapac CA301 4/6/96 - 5/6/96 Travel direction 
High and low amplitude 
Travel speed
Bomag BW135AD 17/6/96 - 19/6/96 Travel direction 
High and low amplitude 
Travel speed 
Single drum operation
Ingersoll-Rand DD65 25/6/96 - 1/7/96 High and low amplitude
Travel speed
Single drum operation
Ingersoll-Rand SD150 2/7/96 - 4/7/96 High and low amplitude 
Vibration frequency
Bomag BW161AD- 
CV Variomatic
9/7/96-11/7/96 Single drum operation 
Travel speed
Angle of vibration orientation
Hamm 2422DS 4/10/96 None (normal passes only)
Rammax2400 4/10/96 None (normal passes only)
Bomag BW161AD 23/9/97 - 24/9/97 Travel speed
Table 3.8 Chronology of testing during the controlled experiment.
Dynapac CA301
The second roller studied was a heavy single drum roller, a Dynapac CA3 01^  which has a static 
linear load placing it within the reference number seven in Table 3.6. During construction of 
the test structure, the fill had been compacted to the requirements of SHW, but it was 
considered that continued trafficking throughout the duration of the experiment might cause 
some additional compaction of the material below the rotavated layer, particularly when using 
the larger plant. This would mean that the fill conditions may be different for each roller, 
particularly if progressively larger plant were used. To ensure that the conditions were as 
constant as possible for all subsequent rollers, the test area was compacted with eight pàsses 
ofthe Dynapac CA301 before rotavating the top layer of fill for testing with this roller. Eight 
passes were undertaken because Parsons (1992) presented experimental data which showed 
that the change in the amount of compaction achieved by each pass would be expected to have 
reduced significantly after eight passes.
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Tests with the Dynapac CA301 were first carried out on the hoggin. The same approach was 
taken to testing as used for the Benford TV75, making alternate forward and reverse passes 
over the fill. Compaction passes with this roller were undertaken at a higher speed than that 
normally used for compaction because of a lack of familiarity with the controls. The number 
of normal passes of the hoggin was limited to ten to avoid over stressing the fill, which was 
causing fi-acturing of the large pebbles. While the vertical ppv at foundation level remained 
reasonably constant for successive passes made with the roller travelling in the same direction, 
there was a noticeable difference between the roller travelling forward and in reverse, with the 
vibration being consistently higher for the reverse passes. The roller was turned around and 
forward and reverse passes were made. The vibration fi*om passes undertaken whilst travelling 
in reverse remained higher than that which occurred when travelling forwards. This effect of 
travel direction on ppv did not occur during compaction of the clay.
Bomag BWl 3 5AD
Two sets of measurements were made on the hoggin using the Bomag B W13 5 AD. For the first 
set, ten passes were made, travelling in alternate forward and reverse directions. It became 
apparent that, at the time of testing this roller, the fill was too wet to compact: water and fines 
exuded through the coarse material at a number of locations. The hoggin was therefore 
rotavated and left to dry for a day, during which time the moisture content reduced by three per 
cent. The fill was then rotavated a further time and the tests were repeated.
This was the first roller for which the accelerometers were available to allow direct 
measurement of the vibration of the drum.
Ingersoll-Rand DD65
The measurements made with the Ingersoll-Rand DD65 on the clay were undertaken in two 
stages, yielding two sets of data. Towards the end of the first set of tests, it became apparent 
that the vibratory mechanism in the rear drum had not been fimctioning on the high amplitude 
setting, which was used for the majority of the tests. The fault was rectified and a further set 
of tests was undertaken. Consequently data are available from the DD65 operated on clay both 
as a tandem roller and alsô with only the front drum vibrating.
On the hoggin, the Ingersoll-Rand DD65 began to fracture large pebbles in the aggregate after 
only a few passes. Compaction was therefore restricted to five normal passes, but this was 
sufficient for the ppv recorded at the geophone buried in the earthwork foundation to show no 
further increase as the number of passes increased.
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Ingersoll-Rand SD150
The Ingersoll-Rand SDl 50 had separate control settings for amplitude, frequency, travel speed 
and engine speed. All normal passes were undertaken at the maximum amplitude, frequency 
and engine speed settings. Following the normal tests, vibrations were recorded from passes 
made with different control settings.
The normal passes were all undertaken with the roller travelling forwards to avoid any potential 
effects associated with the travel direction which had been observed from other rollers. 
Following ten passes on the hoggin, two reverse passes were recorded which gave rise to mtich 
lower magnitudes of vibration than did the forward passes.
The SD 150 was the only machine tested which had the facility to vary the operating frequency. 
A series of passes were conducted at different frequencies to investigate the effect of the 
frequency on the groundbome vibration magnitude, while all other parameters remained 
constant.
Bomag BWI6IAD-CV Variomatic
The Bomag BW161AD-CV tandem roller tested had the front drum fitted with Bomag’s 
Variomatic system. The Variomatic system uses two counter-rotating eccentric shafts to 
generate vibrations which can be directed either vertically or horizontally, or at any angle in 
between, by altering the relative phase of the two eccentrics (Byles 1997). The angle of 
vibration can be controlled manually from within the vehicle, or set to change automatically. 
The automatic mode uses accelerpmeters mounted on the drum to monitor the acceleration of 
the drum, which is related to the stiffiiess of the material being compacted. As the stiffiiess 
increases, the Variomatic mechanism causes the orientation of the vibration to rotate such that 
it becomes directed increasingly towards the horizontal. This system is designed to eliminate 
the crushing of aggregate and the loosening of upper layers. However, on the fill materials used 
for the current research, a stiffiiess sufficient to cause the compaction direction to change 
automatically was not achieved.
Testing was carried out with the roller operating both as a single drum machine, with only the 
front drum vibrating, and as a tandem roller. For all the normal passes, the vibration of the 
front drum was directed vertically. A series of measurements was made with the vibration 
orientation moved in 18° increments from vertical to horizontal. These tests were undertaken 
for both travelling compaction and for starting and stopping the vibrator whilst the roller was 
stationary.
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Hamm 2422DS
Three months after completion of the main trials, a Hamm 2422DS single drum pad foot roller 
became available. The test bed had been exposed to the weather during this period and had 
become too wet to traffic. A stockpile of hoggin was still available so the wet upper layer of 
hoggin was removed and replaced. The clay was not usable so the roller could only be tested 
on the hoggin. Sixteen normal passes were made with this roller, all travelling forwards. Time 
did not allow for any fiirther investigation to be undertaken.
Rammax 2400
A small Rammax 2400 pad foot tandem roller was available at the same time as the Hamm 
2422DS. Only one forward pass was made on the hoggin with this roller since operation ofthe 
Hamm roller had made the fill too soft for further trafficking. The clay was to soft to allow any 
compaction.
Bomag BWl61 AD
The final set of tests undertaken on the test bed was carried out after the analysis of the data 
from the main experimental phase of this research had commenced. The earlier data had shown 
that the following three issues required clarification.
i) For most rollers, the resultant ppv at any distance was greater when the rollers operated 
on the clay than on the hoggin.
ii) It was apparent that a relation existed between the travel speed and the ppv, but the 
amount of data available from any one roller was insufficient to define clearly the form 
of the relation.
iii) The vibration data described a curve when plotted on logarithmic axes of resultant ppv 
against distance. A greater number of data points than were available from each 
individual roller were required to define the shape of this curve.
These issues were investigated using a Bomag BWl 61 AD tandem roller. To investigate 
whether the reason for (i), above, was that an acoustic impedance mismatch was encountered 
by plant operating on the hoggin (Figure 3.18), tests were undertaken during which 
measurements were made simultaneously on both sides of the test bed while operating a Bomag 
BW161 roller on the hoggin. It was not possible to operate the roller on the clay because 
exposure to the weather had softened the clay, rendering it unable to support a roller. Three 
triaxial arrays of geophones were positioned in a line extending away from the test area on the 
opposite side to that which had been used for the earlier testing, that is, on the side closer to 
the hoggin. Additionally, two arrays were positioned on the side of the test area closer to the
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clay (Figure 3.21). Vfith this arrangement of geophones, if the acoustic impedance mismatch 
was the reason for the difference in the data, the vibration magnitudes recorded on the side 
closer to the hoggin would be expected to be greater than those recorded on the more distant 
side at any given distance.
The fill was not rotavated before these tests were carried out so that little change in the 
vibration magnitude would be expected for successive passes as a result of changes in the state 
of compaction of the fill. The roller made 12 passes of the hoggin, all performed at different 
speeds so that the data could also be used to investigate the relation between travel speed and 
ppv. Only the fi*ont drum of the roller was vibrating during these tests to restrict any changes 
in vibration magnitude which might occur due to the increasing state of compaction of the fill.
A second set of measurements was undertaken to define the shape of the attenuation curve, for 
which measurements at distances fi*om Im to 100m were required. It was not possible to 
arrange a line of geophones to span a range of distances covering up to 100m on the side of the 
test bed close to the hoggin. Furthermore, the roller could not be operated on the clay. 
Therefore, if the geophones were arranged on the side of the test bed closer to the clay, to 
achieve the 100m range, it would not have been possible to measure vibration on the in situ 
ground at a distances of less than approximately 5m. The attenuation curve was therefore 
determined by operating the roller on the in situ ground. Five geophone positions were used 
for each set of measurements and three passes of the roller were made, each at a different 
distance fi-om the end of the line of geophones. Thus, data fi-om 15 different distances were 
acquired which permitted definition of the shape of the attenuation curve between 1 m and 121m 
firom the closest edge of the roller.
3.4.3 Investigation of the effect of fill type on groundbome vibration
During analysis of the data firom the main controlled experiment it was found that, for most 
rollers, the resultant ppv at any distance was greater when the rollers operated on the clay than 
when they were operated on the hoggin (Section 4.4.2.2). A separate trial was therefore 
undertaken, using a trial road which was being constructed for a different research project, to* 
investigate the effect of the stiffiiess of the fill on the vibration magnitude.
A 36m length of road, 4m wide, was constructed on a foundation of contiguous lengths of 
subgrades of chalk, London clay and a silty sand (Figure 3.22). Each subgrade material was 
placed in three separate bays, each at a different moisture content. This provided an 
opportunity to measure the vibration magnitudes arising fi-om a constant source of vibration 
operating on a number of materials of different stiffiiesses. The vibration measurements were 
undertaken following the placement and compaction of a layer of capping material over the 
subgrades.
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Triaxial arrays of geophones were positioned alongside the test structure. Two geophones 
were positioned adjacent to each bay, all at approximately the same distance from the fill 
(Figure 3.22). There was limited space available so no attempt was made to assess attenuation 
effects; this experiment was intended to look at the effects of the fill on source vibration 
magnitudes. Measurements were made adjacent to each bay at two locations, to improve the 
confidence in the data. To minimise the impact on the experiment for which the test road was 
constructed, it was necessary to restrict the amount of compaction undertaken during the 
vibration tests. Two passes of the roller were made over each bay, one on each side of the 
road. It was not possible to operate the roller on two of the sand bays because they did not 
have sufficient strength to support the roller while the vibrator was operating. Only one 
geophone was positioned adjacent to the clay bay located at one end of the test road because 
the roller had to be stopped on this bay. This restricted the length of this bay on which the 
roller could be operated at constant speed.
The tests were conducted using a Bomag BWl 20AD-3 tandem roller operated with only the 
front drum vibrating. The use of only one vibrating drum minimised the compaction caused by 
the tests and made the location of the vibration source distinct. If both drums of the roller had 
been vibrating, there would havé been periods during which the drums were operating on 
adjacent bays. The roller was operated at its maximum travel speed for compaction and always 
travelling in the same direction. The time taken to travel the length of each bay was recorded 
to confirm that the average travel speed was the same on each material.
Following the vibration measurements, the in situ characteristics of the materials in the bays 
were assessed using the Transport Research Laboratoiy Foundation Tester, the Falling Weight 
Defiectometer, the German Dynamic Plate Bearing Test and by a continuous surface wave 
seismic survey. These tests were described by Evans (1998). The stiffiiess data were 
subsequently compared vrith the magnitudes of groundbome vibration (Section 4.4.2.3).
3.5 Data reduction
Following acquisition of the field data it was necessary to reduce the digital data files to a form 
which could be analysed statistically, so that the factors affecting the vibration magnitude could 
be investigated. The field data were interpreted principally in terms of the ppv, since this is the 
parameter used by the majority of national standards to quantify the potential of vibration to 
cause damage or intmsion (Section 2.2). The method used to reduce the signals to data which 
could be analysed was the same for the data fi-om each constmction activity. This process, 
undertaken on a personal computer, is described in this Section.
The time histories (the vibration traces illustrating the change in particle velocity with time) for 
all signals were inspected to ensure that there were no spurious events within the records. The
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numerical data were then extracted from the digital data files so that statistical analyses of the 
data could be undertaken. The required section of signal was selected from a graphical display 
of each whole sample. For each selected length of signal the component ppv from each 
transducer and the true resultant ppv frotn each triaxial array of geophones were determined. 
The root mean square (rms) particle velocity in one-third octave frequency bands was 
calculated for aU vibration signals. The spectral analysis undertaken to determine the one third 
octave frequency band data, required the following steps:
i) For each signal, any zero offset was removed by calculating the mean of the particle 
velocity at each sampled point over the whole sampled length and setting the zero level 
for the data to this mean value.
ii) The data were re-sampled to halve the effective sampling frequency. The sampling 
frequency of jiist over 2kHz used during acquisition had been sufficiently high that this 
was possible without losing any information. This re-sampling process doubled the 
resolution of the spectra to approximately 0.5Hz, which improved the quality of the 
spectral analyses at low frequencies.
The spectral analyses used a 2048 point fast Fourier transform (FFT). This FFT length enabled 
determination of the spectrum for approximately two seconds of the resampled signal. In most 
cases this was insufficient to perform a spectral analysis of the required length of signal so a 
series of windowed slices, which were overlapped by 50 per cent of their duration, were used 
to analyse the required signal length. The rms particle velocity in each one third octave band 
for each slice of signal was calculated. The maximum rms particle velocity for each frequency 
band was then stored in a spreadsheet file.
The data reduction procedure was used to generate a separate spreadsheet for each live 
construction site and for each piece of plant used on each fill during the controlled compaction 
experiment. Further data were added to each spreadsheet relating to the characteristics ofthe 
plant, the geology and the fill type, as appropriate, together with the distance from the vibration 
source at which the vibration was measured. These spreadsheets, presented on compact disc 
in Appendix C, were used to investigate the factors which affect the magnitude of vibration 
generated by dynamic compaction, percussive and vibratory piling, and vibratory compaction, 
as described in Chapters 4 to 6.
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Figure 3.1 Data acquisition equipment in the mobile laboratory.
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Figure 3.2 Schematic diagram of the data acquisition equipment.
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Figure 3.3 Manufacturer's response curve for the geophones and the calibration data 
points determined during the current study.
42 3.5
(a) Vertical axis geophone
41.5
i
E
Î
I
40.5 - 0.5'
Sensitivity
Error
40 -0.5
0 5 10 15 20
I
E
47
(b) Horizontal axis geophone/ .
12iS46
45 lOP
44
43
42
41 Sensitivity
Error
40
0 5 10 15
Angle from vertical (degrees) Angle from horizontal (degrees)
Figure 3.4 Variation of geophone sensitivity at a frequency of 40Hz with angle (a) from the 
vertical and (b) from the horizontal.
78
Profile 2 , - ^
È
Wi ,y  ^ - ;
S ource HolboroughXWoocI
Ilolhorough Q uarry  SNCÏ
100mExclusion and demolilion of setts 11,12 and 
3 under licence . 1 9 9 X
Figure 3.5 Location of the vibration measurements the Snodland dynamic 
compaction site, showing the four profiles along which vibration measurements 
were made.
79
1 r-ï----
2 :$$$:$<
7 \
\
c
I
TD
C3
2G)
I
■S
■o
IIt3
C
3
N
W » g
oT3
C3
if
(0 O
w - Io 
re <D
s
wUi
s
:l ic/> o
Q.
0) c
0
JZ 
Q .
1
#  #
IIc P
B a  ® 
w S  Ü
4-1
0
C
1
I
.s’
I
-g
7
G/]
Ü
I
re
I
.S
IC4
(U
I
f§
l i
! i
i tOh ^
I I
5^  a
VO o
m 5)
E l
oo
8 0
1
T 3
C3
2 
CD
S 
I
Q.
Û
10
12
14
16
18
20
Borehole
217
Borehole
219
:ô%::
R #
Top soil: firm 
sandy silty clay
Firm silty clay 
(marine alluvium)
Very soft silty clay 
(marine alluvium)
Loose clayey silt 
(marine alluvium)
Very stiff silty clay -----------
(marine  --------------------
Loose silty fine 
to medium sand
Very dense silty 
fine to coarse 
sand (marine 
alluvium)
Medium dense 
silty fine to coarse 
sand (marine 
alluvium)
Very dense sand 
ana chert gravel 
(older marine 
alluvium)
Very stiff silty clay 
(Kimmeridge Clay) 
to end of borehole 
at 30m bgl
m
Figure 3.7 Geological profiles at the A4? percussive piling site.
81
100] 100d=23.1m d=29.9m
75O) O)
03 50
15 20 25
Frequency (Hz)
25
Frequency (Hz)
100 100
d=42.5m
75O)
03 5003 50
15 20 25
Frequency (Hz)
d=61.1m
10 15 20 25
Frequency (Hz)
100]
d=90.1m
D)
03 50
15 20 25
Frequency (Hz)
Figure 3.8 Examples of spectra of the vertical vibration at various horizontal distances {d) 
from percussive driving of precast concrete piles in soft ground at the A13 site. Pile toe 
depth at 23.5m.
8 2
e # m a
&&& B
m eme
a ©
© a
em m meeem
&
I
f
Io
I
W)
;  §Ü0
•S ^
d
i l
ti
g
8<u
(4 -1o
(D
q-iO
00
I(4-40 
a
1
¥  
8-i
i i
Ë oj
(/) ^ 
o\ o
s |
e I
83
■ü E 
1 1 (0 2 (/) 0 5
! f f i
J j lo  > .3  CD_ 3
l l i l i I m  r o .  OT3.u£5<fl O ) ü ! l l
I
I
ü
I
g
ûû
O)
0)
î I  I l i l l
! i r i ! '  I  '  t ! ‘  l i t  i ! ‘ ! i V i ’ ' ! i ! ' i i M i ! i i i ' ' ! i V i ' ' ! t ’ ' ! i ’ ' ! i l i ! i M i H i ’ ' ! i ' i
' i ! i ! i ' i ! ' ! '  ‘ I l  i l '  è ' i i i l i ' i ! ‘ ! ' i ' ! ! * i ! '  i ! i ’ i i i ! i ' i ! ' ! ' ! ' ! i * i ! ' ! i ' t i ' ! ' l ' ! i * i ! '
!1îl
I
c§
I
I
C3O
S
S<u
CD O)(0 =
II
%
i T l w T i l I T l T ' l l T l
ü co
CD
êtw
0
1
!-h
cS
C/D
â
I
I
W )
o
0  
&
1
p .
c / )
(lu) |8A9| punoj6 /w p q  L|}d9a
ao
o <0
— (/) (0 (A
i5
CD
m
âi
3
D £
8- I
-  CD
H ! ! ! i ' i ! i M H ! i ! > ! i i i ' i H ! ! ! f i ! i b ! H ! i ! N ! ! ! n ! i b ii:iMuiuiT6irii;iiduiiT
ro (1) E
m E =c/)>Sro COtil(D III O CDII
0)
i l lfill f #
O TO (D m =></)’(/)
I : ‘T Î Ï Ï T 'T H 'T ’ i T i ! '  i l l  r*T i
d | ' | l | l | ! l ' | l l ' l i | ' | l | l | ^ | ' l l i ' l l | ' l l | l | l ‘ l | ' | l l ' l l ! ' l l l l | l | l l ' l l | ' l l l ' l l l l | i | l ! * | i l ' | i ! ' | ! | l l l | l l ' | l l ' l ^ ^
I l ' i l i i i h  ^  ' ! i ' i ! i  i ' i  ' ! '  ‘ ! ! ' i ! ' ! i : i ^ ! ‘ l '  > ! i ‘ i ! ' | i : i M : ! '  > | i ' i ! > ! i : h ! > ! ' !  i ' i ! - ! i
1 1 ;Ü o «■ «
CD-a 
CD ro g (Ô g CO s s
CD —  Ü Ü
Ü
II
ÜI
1
r
I
e
7iic)riiirir.>iriin;'li iTndTiiinr^iri
E
CD
<
a
(uu) |@\a| punoj6 Mopq LRcteQ
85
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Figure 3.11 Location of the site of the controlled vibrating rollers experiment.
Longitudinal section
Plan
Hoggin
2m
Figure 3.12 Sketch of initial design for the trial earthwork.
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Figure 3.13 Soil profile recorded during excavation of the test bed.
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Figure 3.15 Rotavation of the London Clay.
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Figure 3.16 Particle size distribution of the fill as delivered used for the test bed.
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Figure 3.17 A general view of the vibrating roller test bed during construction.
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Figure 3.18 Plan view of the completed test bed showing location of geophones 
and piezometers.
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Figure 3.20 Triaxial accelerometer array mounted on the drum of a vibrating roller.
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Figure 3.21 Experimental arrangement for tests with the Bomag BW161 AD.
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Figure 3.22 Sketch plan and longitudinal section through the experimental road constructed 
on a variety of subgrade materials.
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4 FACTORS AFFECTING THE TRANSMISSION OF ENERGY FROM
SOURCE INTO THE GROUND
Most of the existing empirically based methods of predicting groundbome vibration from 
construction works (Section 2.5) relate the peak particle velocity (ppv) to the square root of 
an estimate of the energy available from the mechanical source. For example, prediction of 
vibration from impact piling and dynamic compaction uses the potential energy of the raised 
mass. This Chapter discusses the validity of predicting magnitudes of groundbome vibration 
from the nominal energy of mechanical sources, firstly by consideration of vibration data 
acquired from the operation of dynamic compaction equipment. Subsequent sections of this 
Chapter consider other factors which may affect the transmission of energy to the ground and 
may therefore be used as a basis for the prediction of groundbome vibration from piling and 
vibratory compaction.
4.1 DYNAMIC COMPACTION
Of the many mechanical sources of groundbome vibration which exist in civil engineering, 
dynamic compaction is one of the simplest processes for which to estimate the energy available 
from the source. The approximate kinetic energy of the tamper as it hits the ground may be 
calculated by assuming that all the potential energy of the raised tamper is converted to kinetic 
energy as the tamper descends. The potential energy {Wf) of a tamper of mass m raised to a 
height A, is given by;
W^=mgh [4.1]
where g  is the acceleration due to gravity.
Mayne et al (1984) and Mayne (1985) related the resultant ppv arising from dynamic 
compaction to the square root of the energy of the raised weight (Section 2.5.1). For a linear 
relation between ppv and the square root of the energy to exist, the following conditions must 
be satisfied.
i) All the potential energy stored by the raised weight is converted to kinetic energy of the 
falling weight, with no frictional losses in the lifting and release mechanism.
ii) At the point of impact, all the kinetic energy must be transferred to the ground and the 
ground must respond elastically.
iii) The tamper must hit the ground squarely (see Section 4.1.2).
During the current research, ground vibration data have been acquired from dynamic 
compaction at two sites (Section 3.2). By reference to these data. Section 4.1.1 considers how 
the vibration magnitude is affected by the number of impacts of the tamper. Section 4.1.2 
considers the effect of the height from which the tamper is dropped on the magnitude of the
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resulting groundbome vibration. Thus, the applicability of the relation between the ppv and the 
square root of the nominal energy is investigated.
4.1.1 The effect of the number of impacts
Figure 4.1.1 presents the ppv arising from the first three impacts (for a 10 tonne tamper 
dropped from a height of 2m) for one of the sets of tests at Snodland. The data are plotted as 
the resultant ppv normalised by the ppv recorded at each geophone for the third impact. This 
method of presentation enables the change in the ppv with the number of impacts to be seen in 
the data from all distances. It is apparent that the vibration magnitude increased with successive 
impacts even though the nominal energy of the source remained constant.
The observed change in vibration magnitude with the number of impacts may reflect changes 
in the ground conditions caused by compaction. At the time of the first impact the soil will 
generally be relatively loose. The first impact is therefore able to cause a large amount of 
compaction of the soil, which dissipates some of the impact energy thereby reducing the energy 
available to be propagated as elastic deformation. For subsequent impacts, it might be expected 
that less compaction can be achieved than that caused by the first impact. Therefore a greater 
proportion of the impact energy would be available to generate ground vibration from the later 
impacts than from the first impact.
At the Snodland site, two sets of tests were carried out for each source location, as described 
in Section 3.2. The compaction of the ground should therefore have undergone less change 
during the second set of tests, recorded at Profiles 2 and 4, than during the first set, at 
Profiles 1 and 3. If the magnitude of groundbome vibration is dependent upon the amount of 
compaction achieved by each impact, as suggested in the previous paragraph, then the change 
in vibration magnitude for successive impacts during the second set of tests at each source 
location would be expected to be less than that observed during the first set of impacts. 
Figure 4.1.2 presents data showing the change in ppv measured at Profiles 1 and 2 for three 
successive impacts. The change in the ppv for the second set of tests (Profile 2) is seen to be 
less than that for the preceding set (Profile 1). This suggests that the magnitude of 
groundbome vibration is dependent upon the amount of compaction which is achieved by each 
impact.
At the Coventry site, five impacts from the same drop height were recorded for each tamping 
location. Figure 4.1.3 illustrates that the vibration magnitude continued to increase for each 
of these impacts. This implies that additional impacts could have achieved further compaction 
using the same combination of tamper mass and height of drop.
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It was not possible to record changes in the soil properties during any of the dynamic 
conlpaction studies since this would have caused unacceptable delays to the works. However, 
Mayne et al (1984) reported that higher magnitudes of vibration arose as the density of the 
compacted fill increased. During the current research into vibratory compaction it was possible 
to measure the amount of compaction achieved and the groundbome vibration. This is 
discussed in Section 4.4.2.1.
4.1.2 The effect of the height of drop
The relation between the potential energy of the raised tamper and the resulting vibration 
magnitude was investigated at the site at Snodland. For each set of tests, the tamper was 
dropped three times fi’om each of four different heights (see Section 3.2). It was shown in 
Section 4.1.1 that the vibration magnitude is affected by the number of impacts at each location. 
In this Section, therefore, the effect of drop height on the vibration magnitude is considered by 
reference to the last impact fi*om each height.
Figure 4.1.4 illustrates the change in vibration magnitudes arising fi*om four different heights 
of drop at each profile at Snodland. At each offset distance, the data are presented with the ppv 
normalised by the ppv recorded when the tamper was dropped fi*om the maximum drop height 
(10.4m). This method of presentation enables the trends in the data fi*om all distances to be 
inspected on one graph.
While Figure 4.1.4 shows that the vibration magnitude generally increased with increasing drop 
height, the maximum ppv did not correspond with the maximum height of drop in all cases. 
Vibration magnitudes fi*om the 7m drops were often greater than those from the 10.4m drop. 
A possible cause of the relatively low vibration arising when the tamper was dropped fi'om the 
greatest height was that the tamper did not strike the ground evenly when dropped fi'om this 
height. The tamper was square in plan and was attached to the cable of the crane by a bolt and 
eye arrangement (Figure 4.1.5). This permitted some pitching of the tamper as it fell, which 
may have been more likely to occur for the higher drops. This could affect the magnitude of 
vibration for two reasons, as follows.
i) If the tamper landed partially on one edge, a greater loading would occur locally which 
might cause partial embedment, additional local compaction or, where the tamper was 
dropped onto intact chalk, fragmentation of the chalk. Any of these situations would 
reduce the amount of energy available for elastic deformations which cause 
groundbome vibration.
ii) The duration of the impact could be increased by embedment of the tamper in the 
ground, which could also reduce the peak vibration magnitude by spreading the 
available energy over a greater period of time.
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The inference that an oblique impact may have affected the vibration magnitude is based on 
interpretation of the vibration data and field observation of the compaction process. 
Experimental work reported by Svinkin (1996) showed that the peak vibration was reduced by 
an increase in the impact duration. Measurement of the amount of compaction relative to the 
vibration magnitude and carefiil observations of the impact process, assisted by video records, 
would be beneficial to verify the causes of variability in the data.
In an elastic medium, the ppv is proportional to the square root of the energy propagated by 
the wave. The total energy of the wave would be equal to the nominal energy of the source if 
all the available energy was dissipated as elastic deformation of the ground. In practice, the 
relation between the energy available from the source and the wave energy may be affected by 
a number of causes of energy dissipation. During dynamic compaction, the relative amounts 
of energy dissipated in anelastic and elastic deformation of the soil, oblique impact of the 
tamper, and the shape of the vibration wave form, may affect the energy transmitted into the 
ground. Using the data from Snodland, least squares regression analyses of the data from each 
geophone on each profile (Figure 3.5) were undertaken to determine the relation between the 
square root of the potential energy of the raised tamper (fFfJ and the resultant ppv (v^ J^. A 
regression relation was used of the form:
[4.2]
The results are presented in Table 4.1. The mean value of the coefficient X yielded a relation 
between the resultant ppv and the potential energy of the raised weight of ;
0.43 [4.3]
The mean value of X calculated to be 0.43 is close to the theoretical value of 0.5. Equation 4.3 
therefore indicates that a square root relation between an(| as used by Mayne (1985),
Approximate 
distance (m)
X
Profile 1 Profile 2 Profile 3 Profile 4
10 0.43 0.75 0.19 0.42
50 0.39 0.50 0.13 0.33
100 0.34 0.35 0.27 0.51
200 0.70 0.32 0.53 0.34
400 0.60 0.46 0.64 0.39
Mean: 0.43; Minimum: 0.13; Maximum: 0.75
Table 4.1 Values of the index X (Equation 4.2) determined from the data from Snodland.
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is an appropriate basis for quantifying the influence of the tamper energy on the vibration 
magnitude. However, in some cases the correlation between the ppv and the nominal energy 
was poor. The range of indices was between 0.13 and 0.75, with a standard deviation of 0.16. 
Use of Equation 4.3 should therefore be restricted to preliminary estimates of vibration to assist 
in the identification of cases where further investigation may be prudent.
4.2 PERCUSSIVE PILING
On the evidence of the field data acquired during the current research and the available 
literature, this Section considers how the magnitude of groundbome vibration arising from 
percussive piling is influenced by the properties of the pile and the ground into which the pile 
is driven. For the reasons given in Section 2.6, the data acquired during the current study from 
piling operations are fewer than those from vibratory compaction. The interpretation focuses 
largely on the data from the A47 site (Section 3.3). This site yielded the most extensive data 
from percussive piling acquired during the current study. Conclusions based on the data from 
the A47 site are supported, where possible, by data from other sites in order to determine 
whether the trends observed were site specific. Evidence from the literature, in particular the 
field data from Uromeihy (1990), is compared with the conclusions reached.
Percussive piling, hke dynamic compaction (Section 4.1), makes use of the energy of a raised 
mass to operate. The energy of a drop hammer used to drive a püe can be approximated from 
the potential energy of the raised hammer. Many vibration predictors for percussive piling 
(Section 2.5.2) are based on the assumption that the ground vibration magnitude is dependent 
upon this nominal energy. During percussive piling part of the nominal energy may be 
dissipated by mechanisms such as frictional losses in the hammer and deformation of the 
packing and the pile. This has been widely recognised in the literature (for example Dowding 
1996). Section 4.2.4 considers whether the use of the nominal hammer energy is a satisfactory 
basis for the prediction of vibration from percussive piling.
Figure 4.2.1 presents a summary of the vibration data from the A47 site, plotted as resultant 
ppv against the horizontal distance from the pile. This is a common way for vibration data from 
impact piling to be presented (for example Wood and Theissen 1982; Grose and Kaye 1986; 
Attewell et al 1992a,b). Many of the predictive equations in the literature (Section 2.5.2) 
describe the distribution of vibration data as a simple power law, fitting a straight line to 
logarithmically transformed ppv-distance data. The data from the A47 site, presented in Figure 
4.2.1, exhibit a more complex distribution: the data do not plot as a straight line on logarithmic 
axes.
Figure 4.2.1 demonstrates that, even when considering only one site and a constant driving 
energy, the vibration at any point can vary by approximately an order of magnitude. The
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interpretation of the data in Sections 4.2.1 to 4.2.3 considers the factors which give rise to this 
variation in vibration magnitude.
4.2.1 The influence of the ground conditions
Figure 4.2.2 presents the same data set as that illustrated in Figure 4.2.1, but with the data 
subdivided according to the depth to which the pile had been driven. The subdivisions have 
been arbitrarily chosen to be increments of 5m. At horizontal distances greater than 
approximately 20m from the pile, the data in Figure 4.2.2 separate into a series of sub-parallel 
groups, with higher vibration magnitudes arising at any distance as the depth of the pile toe 
increased. Closer to the pile, this trend undergoes a nearly complete reversal, with the tendency 
being for vibration to decrease as the pile is driven. The possible reasons for this are discussed 
in Section 5.2.2
It has been commented elsewhere (British Standards Institution 1992b; CEN 1998) that, since 
the transfer of energy from the pile takes place largely at the pile toe, vibration predictors that 
use the horizontal distance from the pile become unreliable close to the pile. Replotting the 
A47 field data against slope distance from the püe toe might therefore be expected to yield a 
distribution described by a power law for aU distances, giving a straight line when plotted on 
logarithmic axes. The data from the A47 are re-presented in this manner in Figure 4.2.3. The 
distribution of the data is more closely linear over the whole range of distances from the püe 
using this method of presentation, which supports the suggestion that energy transfer takes 
place at the püe toe. However, relatively low vibration magnitudes stiU occur at the smaUest 
distances for the greatest toe depths. The spread of the whole data set is of a simüar magnitude 
at aU distances. The possible causes of the spread of data are considered in this sub-section.
The lowest vibration magnitudes at the A47 site occurred at the start of piling. In part, these 
low amplitudes may have arisen because a lower driving energy was used at the A47 to drive 
the first 4m of each püe (the toeing-in operation) than was used for the rest of the drive. For 
the remainder of each drive, the nominal driving energy remained constant throughout. 
Therefore, the changes in the vibration magnitude which occurred during the main part of the 
drive (that is, for toe depths greater than 4m) must have arisen for reasons other than changes 
in the nominal driving energy.
To investigate the effect of the püe toe depth on the vibration magnitude. Figure 4.2.4 presents 
the data from the most distant geophones at the A47 site, which were at horizontal distances 
of between 100 and 109m from the püe. These data are considered here for two reasons. 
Firstly, taking only the most distant geophones minimises any influence on the ppv of the 
changes in the length of the vibration transmission path as the püe was driven. The slope 
distance from the püe toe to each of these distant geophones was changed by only 4 per cent
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by the increasing depth of the pile toe. Secondly, because data were recorded at the same 
geophone locations for severa} different piles (Figure 3.6), the pile-geophone separations were 
not identical for each pile. Use of only the data from the most distant geophones minimised the 
significance of the variation in distance from the different piles, thereby increasing the quantity 
of data which could be considered. The data in Figure 4.2.4 show that the ppv increased as the 
depth to which the pile had been driven increased, particularly when the pile toe depth exceeded 
10m. Breimer and Chittikuladilok (1975) also presented data that demonstrated an increase in 
ppv with increasing toe depth. This increase did not occur close to the pile, as was also 
observed for the A47 data.
Figure 4.2.5 presents the results of a standard penetration test (SPT) undertaken during the site 
investigation at the A47 site. The SPT data exhibit a general increase with depth, although a 
number of high values occurred at 14 to 18m depth. These correspond with very dense sand 
strata containing coarse flint and chert gravel (Figure 3.7). The changes in the vibration 
magnitude as the pile was driven approximately correspond with the changes in the SPT data.
Figure 4.2.6 presents a pile driving record from the A47 site which shows the number of blows 
required to achieve each 250mm increment of penetration of the pile. The pile driving record 
is from a pile adjacent to those for which vibration data were acquired and is assumed to have 
been sufficiently close to have been representative of those piles from which vibration data were 
acquired. For all toe depths greater than approximately 12m, the pile driving record 
demonstrates a progressively increasing blow count, or a decreasing set (the distance driven per 
blow), with increasing toe depth, indicating an increasing resistance to driving with depth. 
Although the SPT N-values attained high values at depths of between 14 and 18m 
(Figure 4.2.5), the pile driving record showed only a small perturbation in the general trend of 
decreasing set with increasing toe depth when the pile toe was at this depth. This is discussed 
below.
Figure 4.2.7 combines the vibration data from Figure 4.2.4 with the SPT data (Figure 4.2.5) 
and the pile driving record (Figure 4.2.6). In general, the vibration magnitude follows the 
penetration resistance and the SPT data: all the variables show an increase with increasing 
depth. The exception to this was that no increase in the vibration magnitude occurred when 
the pile toe was at the depth corresponding with the high SPT values encountered at 14 to 18m. 
The layer of coarse flint and chert gravel at this depth (Figure 3.7) had a greater effect on the 
SPT data than on both the rate of pile driving and the rate of increase of the resulting vibration 
magnitude. This may reflect the difference in size and energy input between the SPT test and 
pile driving. The SPT apparatus is physically smaller and less energetic than the pile driving 
plant. Therefore, the resistance presented by obstructions such as pebbles or cobbles would be 
more significant for the SPT test than for piling. Consequently, the large rise in SPT N-value 
caused by local obstructions is not similarly reflected by the püe driving record nor by the
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magnitude of vibration arising from the piling. For depths greater than those where the flint and 
chert was encountered, the SPT N-values, vibration magnitude and blow count demonstrated 
a continuing increase with increasing depth.
An alternative explanation for the high SPT values at 14 to 18m not being reflected in the püe 
driving record or in the groundbome vibration data may be that the resistance to advancing the 
püe was dominated by frictional effects along the shafts rather than by toe resistance. The 
increase in penetration resistance offered by the flint and chert bed may therefore have only a 
smaU effect on the total resistance to penetration by the püe. The SPT apparatus is isolated 
from shaft friction and orüy measures resistance to penetration at the toe. The proportional 
effect of the flint and chert on the SPT data would therefore be greater than the effect on püe 
driving.
Whüe Figure 4.2.7 indicates a correlation between the ppv and the resistance to driving, there 
is some dispute about this in the literature. Brenner and Chittikuladüok (1975) reported a good 
correlation between cone penetration resistance and the ppv at 10m from the püe, although 
Brenner and \^anuvut (1977) doubted that the type of soü penetrated by the püe had much 
influence on the magnitude of vibration on the ground surface. Van Staalduinen and Waarts 
(1992) also considered that the peak magnitude of vibration can be predicted on the basis of 
results from the cone penetration test. The A47 data indicate that the vibration magnitude 
increases as the penetration resistance increases but local obstmctions, which are sufficient to 
give rise to high SPT N-values, may be easüy penetrated by a püe. Such an obstruction may, 
therefore, not give rise to an increase in vibration, making a general relation between the results 
of SPT tests and vibration magnitude inappropriate.
If, for a particular combination of püe and driver, the maximum vibration arises when the 
penetration resistance is a maximum, it may be expected that the maximum vibration must arise 
when the püe reaches refusal. If the püe is not driven to refusal, the vibration would stiU be 
expected to attain its maximum magnitude at the end of driving since, in general, the set wiU 
decrease as the drive progresses.
The interpretation of the field data presented in this sub-section has considered only those data 
from the A47 site. Detailed ground investigation data derived from very close to where pües 
were driven on the other sites studied was not avaüable so it has not been possible to make 
comparisons between geology and vibration magnitude for the other sites. However, in general 
a trend of increasing ppv with increasing püe toe depth was observed at other sites 
(Figure 4.2.8).
1 0 0
4.2.2 Acoustic impedance
When the top of a pile is impacted by a piling hammer, a compressive stress pulse is initiated 
in the pile which propagates along the length of the pile. On reaching the pile toe, a proportion 
of the incident energy, governed by Zoeppritz’s (1919) equations (see, Telford et al 1976), is 
transmitted into the ground. The ratio of the energy intensity of the transmitted to the incident 
wave, termed the transmission coefficient, T, is given by
' - a
where Zq and Z, are the acoustic impedances (specifically, the product of the mass density and 
the compressional wave veloçity) of the pile material and the ground, respectively.
Table 4.2 presents typical values of acoustic impedance for pile and earth materials. Figure 
4.2.9, based on Equation 4.4 and Table 4.2, illustrates how the acoustic impedance of the 
ground affects the proportion ofthe incident energy which is transmitted across the pile/ground 
interface for a range of soils. Since concrete has an acoustic impedance which is closer to that 
of earth materials than does steel, greater energy transmission would occur, and therefore 
higher magnitudes of vibration would be expected to arise, from driving concrete piles than 
from driving steel piles. Concrete piles driven to be founded at rock head may be expected to 
give rise to the highest magnitude vibration since the acoustic impedance mismatch is lowest 
under these conditions.
The maximum value of the transmission coefficient T  is unity, which occurs when there is no 
difference in the acoustic impedance across the interface. In most ground conditions, the pile 
material has a higher acoustic impedance than that of the ground, even at refusal. The 
transmission coefficient therefore increases as the acoustic impedance of the ground increases. 
In general, the acoustic impedance of the ground increases with increasing depth because the 
stif&iess of geomaterials generally increases with depth. Consequently, a greater proportion 
of energy will be transmitted from the pile to the ground as driving progresses.
The effect of acoustic impedance on energy transmission provides a possible explanation for 
the observed increase in vibration magnitude with increasing pile toe depth (Figure 4.2.4). 
However, when considering stress wave propagation from pile materials into soils, the possible 
range of energy transmission ratios is insufficient for the effect of acoustic impedance alone to 
account for the range of ppvs observed at the A47 site. The difference in transmission ratio 
between driving steel piles in soft clay and in very stiff clay is only approximately 60 per cent, 
whereas the scatter in the vibration data (Figure 4.2.1) covered approximately an order of 
magnitude at any distance .
1 0 1
Material Mass density, p  
(kgW)
Compressional wave 
velocity, Cp (m/s)
Acoustic impedance, Z 
(kg.m’ls^)
Steel 7850 5700 44.7x10^
Concrete 2400 5000 12.0x10^
Timber 600 5200 3.1x10^
Sand (dry) 1800 200-1000 0.36-1.8x10^
Sand (saturated) 2000 1500-2000 3.0-4.0x10^
Clay (soft) 1800 1000 1.8x10^
Clay (stif^ 2100 1900 4.0x10^
Chalk 1940-2230 2000-2500 3.9-5.6x10^
Sandstone 1700-2700 2300-4500 3.9-12x10"
Table 4.2 Typical values of acoustic impedance for pile and earth materials (adapted from 
Munday and Farrar 1979; Kearey and Brooks 1984; Head and Jardine 1992; and Maguire and 
Wyatt 1999).«/ /    - . . .  —  -... -. _ . . — — —  . - • ■ - - -
Püe toe depth 
(m)
Intercept, k 
(mm/s.mVJ^^ )^
Gradient (y) Coefficient of 
determination, 
(%)
Number of 
observations
<5 0.40 0.94 91.9 30
5 to 10 0.31 1.09 92.7 72
10 to 15 0.49 0.97 78.8 95
15 to 20 1.18 0.76 68.2 20
20 to 25 1.71 0.55 57.0 55
>25 1.75 0.53 51.2 35
All A47 data 0.64 0.88 68.4 307
Table 4.3 Values of the intercept k and attenuation index y (Equation 2.4) for the A47 site 
determined for the resultant ppv and the horizontal distance from the pile.
4.2.3 Pile impedance
Parola (1970), cited by Poulos and Davis (1980), used the concept of pile impedance to 
investigate the transmission of energy from the hammer to the pile. The efiBciency of this 
transmission would subsequently affect the amount of energy available for transmission into the
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ground from the pile. The pile impedance, /, was defined as the product of the acoustic 
impedance of the pile material and the cross-sectional area of the püe (Section 2.3.1.2). 
Heckman and Hagerty (1978) reported that the maximum vibration magnitude arising from 
impact piling, defined by the parameter k (Equation 2.4), increased as the püe impedance 
decreased (see Section 2.3.1.2). Heckman and Hagerty specified v (Equation 2.4) to be the 
resultant ppv and the distance term (r) as the distance from the point of entry of the püe into 
the ground.
In Section 4.2.2 it was shown that the acoustic impedance (Z) of the püe material may affect 
the groundbome vibration magnitude. The püe impedance (7) is dependent not only upon Zbut 
I  is also proportional to the cross sectional area of the püe (Equation 2.5). Section 2.3.1 found 
that the literature was not unanimous on the effect of the cross sectional area of the püe on the 
magnitude of groundbome vfljration. Heckman and Hagerty (1978) implied that a püe of large 
cross sectional area would give rise to a lower magnitude vibration than would driving a smaUer 
püe using the same nominal driver energy. A large cross sectional area offers a greater 
resistance to driving than does a smaUer püe because of the greater amount of soü which a large 
püe must displace. D’Appolonia (1971) and Lo (1977), amongst others, have reported that the 
magnitude of vibration is inversely related to the set, an observation supported by the current 
research (Section 4.2.1). It therefore foUows that, before refusal is reached, a greater level of 
vibration wül arise from a püe of large cross sectional area, because only a smaU set wiU be 
achieved, than from a smaller püe which will be driven further by an impact of the same nominal 
energy. This is contrary to Heckman and Hagerty’s conclusions which, if at aU, may therefore 
only be valid when a püe has reached refusal. At refiisal, since no penetration occurs, the 
resistance to driving is constant, irrespective of the cross sectional area of the püe.
Heckman and Hagerty (1978) plotted values of k (Equation 2.4) for the upper bound to ppv- 
distance data against the püe impedance (/). For comparison with Heckman and Hagerty’s 
data, values of the intercept k have been calculated for the field data coUected during the 
current study.
For the A47 data, a range of intercept values (Q was determined by least squares regression 
analyses of the field data subdivided into groups of 5m increments of toe depth. Figure 4.2.1 Oa 
presents the field data from the A47 site plotted against the quotient of the square root of the 
nominal hammer energy and the horizontal distance from the püe. Vdth reference to 
Equation 2.4, the intercepts on data plots of this form are k and the gradients are y. 
Figure 4.2.1 Ob presents the results of least squares regression analyses undertaken to determine 
values of k for 5m increments of toe depth. Table 4.3 gives the numerical results obtained. For 
each of the A13, Dee Crossing and M66 sites, a range of k values was determined which 
enveloped the scatter of the field data, by determining the 95 per cent prediction limits for each 
site. The results of these analyses are presented in Table 4.4.
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Site Regression equation Range of k 
(units appropriate
to equation)
Coefficient of 
determination, 
R^  (%)
Number of 
observations
A13
= 0.14 \fwd
1.60 0.06 to 0.35 79.2 80
Dee Crossing
= 0.32 { wd
1.34 0.15 to 0.62 91.2 65
M66
= 0.27 sfWd
1.29 0.17 to 0.40 97.1 40
Table 4.4 Regression equations and the ranges of values of k which incorporate 95 per cent of 
the vibration data for three percussive piling sites.
Figure 4.2.11 plots the k  values determined from the data from all percussive piling sites from 
the current study on to the graph presented by Heckman and Hagerty (1978). Heckman and 
Hagerty’s curve is intended to predict the maximum vibratiomlf the maximum value of k for 
each site from the current study is considered, then no relation is demonstrated between k and 
the pile impedance. The curve from Heckman and Hagerty yields a reasonable prediction of 
the k value for the A13 and M66 sites. However, the A13 data are believed to have under 
recorded the actual vibration magnitude because of the low frequency of the vibration on this 
site (Section 3.3.1.2). At the M66 site, the data were acquired from sheet piles which were 
driven for a temporary retaining wall and therefore were not driven to refusal. The maximum 
vibration magnitude from the same piles driven to refiisal may have been higher than the peak 
magnitudes which were recorded. The maximum values of k determined for the A47 and Dee 
Crossing sites exceeded the values presented by Heckman and Hagerty, particularly the data 
from the A47 site.
Figure 4.2.12 plots the values of k from Table 4.3 against the pile toe depth determined for the 
A47 field data, which demonstrates that the k value increases as the pile toe depth increases. 
Since pile impedance is constant during driving, the range of values of k determined from the 
A47 data (Figure 4.2.11 and Figure 4.2.12) indicate that the magnitude of ground vibration 
depends upon factors other than the pile impedance. The range of k values calculated for 
driving steel H piles at the A47 site is similar to the range for all piles presented by Heckman 
and Hagerty. Whilst it is acknowledged that Heckman and Hagerty’s model was intended to 
predict the maximum vibrations which may arise from pile driving, if the depth of penetration 
had been less than that for the piles monitored on the A47 site, for example through the use of 
short sheet piling for a temporary retaining structure, then the maximum value of ^  would have
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been less than that observed. For use within a predictive model, Heckman and Hagerty’s work 
therefore appears to be unreliable.
4.2.4 Driving energy
All the current models which attempt to predict vibration from percussive piling include a 
dependancy on the nominal energy of the hammer (see Section 2.5.2). Most commonly the ppv 
is assumed to have a dependency on the square root of the nominal driving energy (for example 
Wiss 1967; Attewell and Farmer 1973; Mallard 1979; CEN 1998). Other authors have 
suggested that the ppv is proportional to the energy raised to a power ranging from 0.35 
(Ciesielski et al 1980) to unity (O’Neill 1971) on the basis of field data.
One site from which data were acquired during the current study enabled a limited investigation 
to be undertaken of the relation between hammer ener^  and vibration magnitude. During the 
driving of sheet piles at the Merry Hill site (Section 3.3.1.6), vibration was recorded from four 
successively smaller impacts. Specifically, vibration from one blow from the maximum 1 m drop 
height was recorded, followed by measurements for 0.5m, 0.25m and 0.1m drops. Then 
vibration caused by a fiirther blow with a im  drop was recorded. The vibration data for these 
impacts are presented in Figure 4.2.13a, plotted against the height of drop of the hammer. To 
demonstrate more clearly that a similar relation between drop height and ppv occurred at all 
distances. Figure 4.2.13b re-presents the data normalised to the ppv recorded at each geophone 
position from the final Im drop impact. From Figure 4.2.13 it is apparent that there is a 
dependancy of ppv on drop height. The data from the two drops from the Im height presented 
in Figure 4.2 J  3 indicate that the relation between ppv and drop height was repeatable.
The data presented in Figure 4.2.13 show that the vibration arising from the impacts increased 
as the drop height increased, although neither a direct relation between nominal energy and ppv 
nor a square root relation were observed (Figure 4.2.13b). Furthermore, a simple power law 
could not be fitted to the data. The pile was not at refiisal when the measurements were made. 
The larger impacts were observed to achieve greater penetration than did the smaller impacts, 
although the actual set data are not available. If  the same exercise had been repeated when the 
pile reached refusal, then a different relation between nominal energy and ppv might have arisfen 
because no energy would have been dissipated in advancing the pile. Ciesielski et al (1980) 
suggested that the input energy only affects the ground vibration when the pile has reached 
refusal. While the effect of driving energy on the ppv may be greatest at refusal, the suggestion 
made by Ciesielski et al is contradicted by the data from the Merry Hill site.
On the basis of the data from the Merry Hill site, predictions of vibration arising from impact 
piling must include a dependency on the input energy even if piles are not driven to refusal. 
Evidence from the literature indicates that the use of a relation based on the square root of the
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nominal energy from the hammer provides a useful 'working approximation, although there are 
insufficient new data from the current research to be able to either suggest a new model or to 
verify adequately those suggested by earlier workers.
4.2.5 Summary
In the literature, methods of predicting the magnitude of groundbome vibration arising at any 
distance from percussive piling have been based on the nominal energy of the hammer. Some 
predictors have also included provision for the effect of the type of ground into which the piles 
are driven. Data from the Merry Hill site confirmed the need to include an estimate of the input 
energy when predicting the ppv. Insufficient data are available from the current study to verify 
the relation between energy and ppv but, on the basis of the literature, a relation between ppv 
and the square root of the nominal energy appears to be appropriate. However, the data from 
the Merry Hill site indicate that this is not valid when a pile has not reached refusal, although 
the vibration magnitude did increase with increasing nominal energy.
Energy imparted to the pile by the hammer propagates along the pile and is transmitted into the 
ground largely at the pile toe (Section 4.2.1). Hence, the position of the source of groundbome 
vibration continually changes during pile driving. In general, the vibration magnitude which 
arises at any distance from the pile toe increases as the pile is driven, from which it is inferred 
that the amount of energy transmitted to the ground at the pile toe increases as piling 
progresses. This increased energy transmission appears to be dependent upon the properties 
of the pile material and the ground encountered at the pile toe. The acoustic impedance 
mismatch between the pile material and the ground can explain part of the increase in the 
amount of transmitted energy. However, the increase in ppv which was observed at the A47 
site during the driving of the piles is greater than the change which can be accounted for solely 
by the increase in the acoustic impedance of the ground over the length of the drive.
It is suggested here that the energy transferred from the pile to the ground is determined both 
by the acoustic impedance mismatch between the pile and the ground and by the resistance to 
penetration offered by the ground. Although the vibration magnitude was found to increase as 
the penetration resistance increased, which commonly corresponds with an increasing pile toe 
depth, the reason why the penetration resistance influences the vibration magnitude has not 
been determined. The maximum vibration arising from any pile drive depends not only on the 
nominal energy but also on the depth to which the pile is driven. The highest level of vibration 
arising at any distance from the pile toe would therefore be expected to occur when the set is 
a minimum.
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4.3 VIBRATORY PILING
The review of earlier studies of vibration from piling (Section 2.5.2) showed that similar 
techniques have been adopted for the prediction of vibration from both percussive and vibratory 
driving. Both the British Standard (British Standards Institution 1992b) and Eurocode (CEN 
1998) which address groundbome vibration from piling present predictors relating the ppv at 
a given distance from vibratory piling to the square root of the energy per cycle of the 
vibrodriver. None of the methods for predicting groundbome vibration arising from vibratory 
piling consider the influence of any other variables.
This Section considers the validity of the methods presented in the literature for predicting 
groundbome vibration from vibrodriving on the basis of the data acquired during the current 
research. The nature of the new data is possibly unique, since they were acquired using a 
digital data acquisition system capable of storing continuous records of complete pile drives. 
Analyses of these records revealed aspects of the data which have not previously been reported. 
Interpretation of these data has been supplemented by consideration of data from Uromeihy 
(1990). Figure 4.3.1 illustrates the extent of the combined database. Uromeihy’s data were 
available only in the form of peak particle velocities, not as complete time histories, but they 
were acquired from a greater number of sites than were studied during the current research.
The following Section considers the changes which occur in the energy transmitted into the 
ground during vibrodriving. Investigations of the parameters that may be important in 
controlling the magnitude of groundbome vibration are described.
4.3.1 The influence of the driver and pile characteristics
In Section 4.2 it was concluded that vibration from percussively driven piles arises largely as 
a result of energy from the impact at the pile head transmitted via the pile into the ground at the 
pile toe. During vibrodriving there is no impact at the pile head: the driver operates by 
oscillating the pile vertically. Makris and Gazetas (1993) have shown that during longitudinal 
oscillation, every point along a pile can be assumed to be in phase, or very nearly in phase. 
Oscillation of the pile causes a reduction in the shear strength of the ground such that the pile 
is driven into the ground under the combined weight of the pile and the vibrodriver.
4.3.1.1 The energy rating of the vibrodriver
The validity of using the energy per cycle as a basis for vibration prediction has been 
investigated using the data acquired during this study, supported by those presented by 
Uromeihy (1990). Figure 4.3.2 presents all Uromeihy’s vibrodriving data, for which driving 
energies ranged from 2 to 10.7kJ per cycle. Figure 4.3.3 presents the subset of the data (from
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All vibrodrivers 10.7kJ/cycle drivers only
Number of observations 554 399
Coefficient of determination (R )^ 44.72% 44.83%
Regression equation v_ = 35.78(/-""" v_ = 32.35(/-"""
Table 4.5 Results of regression analyses of vibrodriver vibration data from Uromeihy (1990).
11 sites) for which the vibrodrivers had the same nominal driving energy, of 10.7kJ per cycle. 
The scatter of the data from the 10.7kJ per cycle vibrodrivers is similar to that for the data from 
all sites. Table 4.5 presents the results of least squares regression analyses on the two data sets. 
The coefficient of determination, calculated for each set of data, confirms the visual assessment 
that the scatter of the data is similar in each Figure. These data therefore indicate that, contrary 
to assumptions made elsewhere (for example Attewell et al,1992a, b; British Standards 
Institution 1992b; CEN 1998) the magnitude of vibration arising from vibratory pile driving is 
not related to the energy per cycle of the vibrodriver.
To investigate fiirther whether the ppv was related to the energy per cycle. Figure 4.3.4a plots 
the resultant ppv against the vibrodriver energy for all the sites visited during the current 
research. The data have been grouped according to arbitrarily selected ranges of distance since 
the scatter is caused partially by the large range of distances at which data were acquired at 
each site. Considering the data within each of the ranges of distance fiirther illustrates that 
there is no correlation between the driver energy and the resulting ppv. In Section 6.4.3, it is 
shown that the resultant ppv arising from vibrodriving attenuates with distance (d) as 
Figure 4.3.4b presents the vibrodriver data from the present stiidy and from Uromeihy (1990), 
as the resultant ppv normalised to the distance to the power of 1.3, plotted against the energy 
per cycle. Figure 4.3.4b confirms the absence of a dependancy of the ppv on the driver energy.
The scatter in the field data presented in Figure 4.3.1 covers a range of peak particle velocities 
in excess of an order of magnitude at all distances. If the ppv is proportional to the square root 
of the energy per cycle of the vibrodriver, as used by the predictors in the literature, then the 
scatter in the data indicates that the driver energies might be expected to have a range in excess 
of a factor of one hundred. The extremes of the energies per cycle of the vibrodrivers from 
which the data were acquired only differed by a factor of nine. This provides a further 
indication that the vibration magnitude is not related to the vibrodriver energy.
The evidence from the sites studied within the current research, supported by new analyses of 
the data from Uromeihy’s work, indicates that the use of the nominal energy per cycle as a basis 
for prediction of vibration from vibrodriving is inappropriate. Consideration of whether other
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parameters relating to the vibrodriver may provide a more satisfactory basis for the prediction 
of vibration is described in the following sub-sections.
4.3.1.2 Maximum amplitude
The maximum amplitude, specified by vibrodriver manufacturers, refers to the amplitude of 
vertical oscillation of the driver. The amplitude may be related to the energy transmitted into 
the ground via the force which acts to resist the movement of the pile. The maximum 
amplitude (Xp) is defined as the peak-to-peak vertical displacement of the vibrating elements 
during one revolution of the eccentric masses (PTC Piling, undated), and is given by;
^  ^  [4.5]
where;
M^=m^Rn [4.6]
and Mj. is the total eccentric moment of all the rotating masses;
is the total vibrating mass, including the masses of the vibrodriver and pile; 
Wg is the mass of each rotating eccentric in the vibrodriver;
R is the radius of rotation of the eccentric; 
n is the number of eccentrics which comprise the vibratory system.
The maximum amplitude for a particular vibrodriver is the value of when is a minimum, 
which occurs when no pile is attached to the driver. The actual amplitude of vibration for any 
particular driver decreases as the mass of the pile increases. An increased load acting against 
the driver due to the resistance offered by the ground may therefore also reduce the vibration 
amplitude during operation.
Figure 4.3.5 presents the ppv data plotted according to the maximum amplitude, for the sites 
studied during the current research for which the maximum amplitude of the vibrodriver was 
known. From the limited number of different maximum amplitudes for which data were 
available, no indication of a relation between the groundbome vibration and the maximum 
amplitude of the vibrodrivers was observed.
4.3.1.3 Pile geometry and dimensions
There are no data available fi-omthis study which enable vibration magnitudes for different pile 
types to be compared. Two of the sites reported by Uromeihy (1990) were adjacent and had 
a similar stratigraphy. Vibrodrivers of the same energy (10.7kJ per cycle) were used on both 
sites to drive different types of pile. Steel casings, with a diameter of 740mm and wall
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thickness of 7mm were driven to a depth of 20m at one location. At the second location, 12m 
long 356x368x152kg/m H piles (see British Steel Piling 1997b, for the specification) were 
driven. Figure 4.3.6 presents the vibration data from the two sites. Over most of the range of 
distances from which data were acquired, the casings generated higher levels of vibration than 
did the H piles, for any given toe depth. The surface area per millimetre length of these two 
pile types are 2179mm^ for the H piles and 9255mm^ (4650mm^ if only the external surface is 
considered) for the casings. The greater surface area per unit length of the casing would give 
rise to a greater resistance to driving between the pile material and the ground. This greater 
resistance to driving may cause a greater transmission of energy to the ground than from a low 
resistance. Although they are limited, these data suggest that it may be the resistance between 
the pile shaft and the soil which is important in determining the magnitude of groundbome 
vibration arising from vibrodriving.
4.3.1.4 Vibration during start up and run down
Vibratory pile drivers operate by the rotation of a system of contra-rotating eccentric weights 
which are arranged such that the dynamic forces generated by their rotation are vertically 
polarised (Figure 4.3.7). During the start up and run down periods of operation, the rotational 
frequency undergoes continuous change, during which time a resonance may typically occur. 
This causes vibration of the pile and driver with an amplitude which visibly exceeds that during 
steady state operation. This phenomenon has been reported to cause transient elevated levels 
of groundbome vibration by O’Neill (1971) and Massarsch (1992). O’Neill also observed that 
the frequency at which the peak amplitude arose differed on the two different sites reported.
Figure 4.3.8 presents time histories showing the change in ground vibration through start up, 
steady state operation and run down of the ICE 14RF vibrodriver at the Radstock site. 
Figure 4.3.9 presents the change in the resultant ppv plotted against time for two start-run-stop 
cycles of the ICE 14RF vibrodriver. Data from the closest geophone (0.8m), which have been 
plotted in Figure 4.3.9a for clarity, exhibit a relatively small peak during the start up and run 
down compared with those which occur further from the pile. (The influence of distance from 
the pile on the significance of the transient periods of operation is discussed in Section 5.3.2).
For both of the start-run-stop cycles presented in Figure 4.3.9b, the vibration magnitude at each 
geophone is larger at start up than at run down. Figure 4.3.10 presents the ratio of the 
amplitude of the start up transients to the amplitude of the run down transients for all sites in 
the current study. The data show that, in general, the start up transients gave rise to higher 
magnitudes of vibration than did the run down transients. The observation that thé starting 
transients give rise to higher levels of vibration than those from shut down may indicate that 
the energy transferred to the ground is dependent upon the resistance to movement between 
the pile and the soil, since the energy is the product of the resisting force and the distance
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moved against that force. The resistance to movement offered by the ground must be greatest 
at the moment of start up, when the pile first begins to move. Once the movement of the pile 
has begun, the shear strength of the soil is reduced by the vibration and the resistance to driving 
decreases fiirther until a steady state is established. At shut down, the soil will remain in a 
partially disturbed state until momentarily after the pile has come completely to rest. Therefore 
less resistance will be offered to the pile during shut down than during start up and hence less 
energy will be transmitted to the ground during stopping than during starting. This might 
explain the occurrence of greater magnitude vibrations at start up than during run down.
4.3.1.5 Vibration during driving and extraction of piles
Vibratory piling equipment is used not only for the installation of piles but also for their 
extraction. Figure 4.3.11 presents the resultant ppv plotted against the horizontal distance fi*om 
the pile for installation and extraction of piles at two sites. These data show that, at each site, 
the magnitude of vibration arising from extraction was similar to that caused by installation. 
During extraction of the pile, there must be little interaction between the pile toe and the 
ground since the toe is continually lifted clear of the bottom of the hole. During installation, 
energy may be transferred to the ground at the pile toe, particularly if a layer which is difBcult 
to penetrate is encountered. Since the magnitudes of vibration arising during the extraction and 
installation processes in Figure 4.3.11 are similar, it is concluded that interaction between the 
pile and the ground at the pile toe has little influence on the magnitude of vibration experienced 
at the ground surface. Groundbome vibration from vibratory piling arises not through transfer 
of energy at the pile toe, but through interaction between the shaft and the soil.
For vibrodriving operations, it was not possible to obtain accurate records of the depth of the 
pile toe throughout driving during the present study (Section 3.3). To illustrate the variation 
in vibration magnitude which occurred throughout the driving of piles using vibrodrivers, the 
maximum vibration magnitude which occurred during contiguous time increments of one 
second duration were plotted against time for a number of piles. Since the pile toe depth at any 
particular instant was not known, these plots offer an indirect means of examining any relation 
between ppv and the ground conditions.
Figure 4.3.12 illustrates the change in ppv which occurred during driving a pile casing at the 
Second Severn Crossing site. Following the initial temporary high levels of vibration at the 
start of driving, caused by the start up of the vibrodriver, there was a decrease followed by a 
general increase in the ppv as the driving progressed, except at the closed geophone to the pile. 
At the closest geophone the decrease in ppv, recorded by the bther geophones between 15 and 
30 seconds, did not occur. The increase in the ppv may have corresponded with an increase 
in resistance to driving as the length and therefore the surface area of the pile in the ground 
increased. Vibrodrivers are hydraulically operated systems within which, if the resistance to
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driving increases the hydraulic flow must be reduced to prevent the build up of excessive 
hydraulic pressure. Therefore, as the load against which the driver operates increases, the 
frequency of vibration of the vibrodriver decreases. Between 15 and 30 seconds 
(Figure 4.3.12), although the ppv at 5.7m from the pile increased, the ppv at greater distances 
decreased. Over the same time interval, the spectra show that the operating frequency 
increased from 16.5 to 20.3Hz. The increase in frequency may indicate that the resistance to 
driving decreased in this period. The vibration magnitude increased again after 30 seconds and 
continued to rise, except for a perturbation at the closest two geophones at approximately 50 
seconds, until the vibrator was stopped. The frequency spectra show that, during this time, a 
reduction in operating frequency occurred. There is therefore an indication that the ppv and 
operating frequency are inversely related.
Figure 4.3.13 illustrates the change in vibration magnitude during extraction of a pile at the 
Second Severn Crossing site. Following the starting transient, the vibration magnitude caused 
by the extraction process underwent a continuous decrease as the length of pile in the ground 
decreased. Figure 4.3.13 includes illustration of the change in spectral content with time during 
the pile extraction. As the pile was lifted out of the ground, a decrease in frequency occurred. 
This decrease was not progressive but occurred in a number of steps (Figure 4.3.14). The 
frequency changes may therefore have been caused by the operator reducing the hydraulic flow 
as the pile was extracted, rather than being caused by changes in resistance to pile movement 
caused by the ground.
It is concluded from the comparison of vibration data from installation and extraction of piles 
that groundbome vibration from vibrodriving arises mainly through interaction between the pile 
shaft and the ground, with little contribution made by the pile toe. At the start of extraction the 
whole length of the pile will be in contact with the ground. Therefore the maximum resistance 
between the pile and the ground during extraction may be expected to exist at the start of 
extraction. The energy transmitted to the ground may therefore be a maximum because the 
resisting force is a maximum. This is reflected by the highest magnitude groundbome vibration 
for pile extraction occurring at this stage. As extraction progresses, the resistance offered by 
the ground decreases as the ground is disturbed by the vibration and the length of the pile 
within the ground decreases. This reduction in resistance was accompanied by a decrease in 
the vibration magnitude throughout the extraction process.
4.3.2 The influence of the ground conditions
This Section considers the variation in the ppv which occurred during vibratory driving of 
individual piles and compares the changes during each drive with the geology. In addition to 
the changes in the magnitude of vibration which occurred during driving, the frequency at 
which the vibrodriver operated, determined by spectral analyses of the groundbome vibration
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data, also varied. The changes in the frequency and magnitude of vibration, and consideration 
of how they may relate to the ground conditions, are described.
4.3.2.1 The Second Severn Crossing site
Figure 4.3.12 showed the vibration magnitudes from driving a pile casing at the Second Severn 
Crossing site, together with a summary of the ground conditions. The pile was sleeved to a 
depth of 6m, so all the vibration data are for driving through soft to very soft silty clays and into 
the firm to stiff red marl in which the piles were founded. Changes in the ppv and frequency 
during driving were described in Section 4.3.1.5. In addition to those changes described in 
Section 4.3.1.5, after approximately 50 seconds, there was an abrupt decrease in vibration 
recorded by the two closest geophones whereas at greater distance, the ppv continued to 
increase. It is not clear why this arose, but it serves to illustrate the difficulty in predicting 
vibration arising from vibrodriving.
4.3.2.2 The Dee Crossing (western approach) site
The data from the Dee Crossing site are presented in two stages in Figure 4.3.15 because none 
of the piles monitored were driven continuously for their full length. Consequently a short 
break exists in the vibration record presented in Figure 4.3.15. Figure 4.3.15 shows a small 
general increase in the ppv as the pile was driven, with the exception of the starting and 
stopping transients, which gave rise to the highest vibration magnitudes. There was also a 
series of peaks of vibration between 15 and 40s in Figure 4.3.15a; the cause of these peaks is 
not clear but, since the frequency decreased at this point, they may have arisen because the pile 
encountered a region of more difficult driving, although there is no evidence to verify this. 
Most of the drive was through clays, which became progressively stiffer with depth. The final 
4m were driven within mudstone.
A possible explanation for the slight increase in the ppv recorded at the Dee Crossing site 
throughout the drive is that, oncç penetrated by the pile, the stiff materials may have remained 
largely self supporting during the drive. Therefore an annulus could form between the pile and 
the clay such that the resistance between the pile and the clay was greatest near the toe of the 
pile and reduced upwards. An alternative explanation may be that, rather than an annular gap 
developing between the pile and the soil, remoulding of the clay by the continuous shearing 
action of the pile may cause each incremental length of the contact between the clay and the pile 
to reach its residual shear strength. Once the residual shear strength is reached, no further 
change in the contribution to the total resistance made by each incremental length would occur. 
Therefore, an initial increase in resistance would occur as the weaker materials were penetrated, 
and the resistance would continue to increase slightly as the total length of remoulded soil in 
contact with the pile increased.
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The spectra illustrated in Figure 4.3.15 show a general decrease in the frequency throughout 
the drive, possibly indicating a general increase in the resistance to driving.
4.3.2.3 The Derby Southern Bypass site
The piles at the Derby Southern Bypass site were driven in two stages. The first 2.5m were 
driven before the guide frame was removed and then the drive was completed. There was 
therefore a period of approximately 30 minutes between the two driving stages. Figure 4.3.16 
illustrates the vibration for the whole drive of one pile, with the break in the record indicating 
the gap between the two stages of driving. The vibration magnitude initially increased and then 
decreased, thereafter remaining essentially constant for the rest of the driving period. If  the 
transient periods caused by the shut down and restart are disregarded, the vibration magnitudes 
were similar before and after the interruption to driving.
The geological profile at the Derby site comprised sands and clays to a depth of 3m, followed 
by 5m of gravels overlying firm to stiff silty clays of the Mercia Mudstone series. Three periods 
with different trends in the vibration magnitude occurred: increase, before the interruption to 
driving; decrease, for approximately 15 seconds after the restart; and a period where the 
vibration magnitude remained approximately constant. It is possible that these different stages 
in the vibration reflect the geological changes, but without any record of the toe depth this 
cannot be verified.
Although the ppv was changeable throughout the drive, the frequency of the groundbome 
vibration was constant, being dominated by the peak at 33.6Hz. Vibration during the initial 
stages of driving contained energy at other frequencies. These frequencies may have arisen 
through a lack of lateral restraint which delayed a steady state of operation being established.
4.3.2.4 The A ll site
The A11 site comprised fluvioglacial sands overlying chalk. The chalk was of increasing grade 
with depth. Figure 4.3.17 illustrates the geology and the change in vibration during the driving 
of the entire length of one casing. Following the start up transient (from zero to 18 seconds), 
the vibration magnitude was initially relatively low, between 18 and 30 seconds. The ppv then 
increased until about 60 seconds from the start and then remained approximately constant 
throughout the rest of the drive, except when the driver was briefly stopped and restarted. The 
initial low levels of vibration at the start of driving occurred while the pile was penetrating the 
sand. The beginning of the increase in the vibration magnitude may indicate the transition from 
the sand to the chalk. The chalk at depth may have sufficient strength to be self supporting, so 
that the interaction between the pile shaft and the chalk may initially increase and then remain 
approximately constant in a similar manner as proposed for the stiff clay at the Dee Crossing
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site (Section 4.3.2.2). The spectra show that the vibration initially contained a broad band of 
frequencies but then remained essentially constant throughout the drive once a steady state of 
driving had been achieved.
4.3.2.S Comparison of the data from all sites
Figure 4.3.18 presents a comparison of the vibration magnitudes recorded on the different sites 
during the steady state operation of the vibrodrivers. At horizontal distances greater than 20m 
from the pile, for which there are data available from all sites, the highest vibration magnitudes 
were recorded at the Dee Crossing and the Second Severn Crossing sites. The geology through 
which the piles on both of these sites were driven were largely cohesive materials.
The lowest levels of vibration during the steady state period of driving arose from the Radstock 
and A11 sites. The Radstock site was on fiU (colliery waste) and the A11 was on chalk overlain 
by glacial sands. The vibration at the Derby Southern bypass site was also among the lowest 
magnitudes recorded. The Derby site included a large proportion of granular materials, much 
of which was gravels, and less cohesive soils than those sites where higher levels of vibration 
arose. Vibrodrivers are mainly suited to use in non cohesive soils (British Steel 1997b) and 
therefore the high vibration recorded from vibrodriving in cohesive soils may reflect a lower 
piling efficiency in these geologies than in less cohesive soils. The magnitude of groundbome 
vibration may reflect the ease with which the piles were driven. In easily penetrated soils, the 
resisting force against which the pile is driven is lower than in soils which are less easily 
penetrated. The amount of energy required to displace easily penetrated soils is therefore less 
than that required per unit distance of driving in stronger soils. A greater amount of energy 
may therefore be dissipated in the ground, giving rise to greater vibration, during piling in 
ground which is less susceptible to vibration than when piling in more easily penetrated 
materials.
Vibrodriving in granular materials operates through vibration causing the soil particles to 
vibrate thereby reducing the shear strength of the soil. In some cases, liquefaction may occur, 
in which case the resulting ground vibration magnitude at distance might be low because, once 
a granular soil has reached a state of liquefaction, it has no shear strength and is therefore 
unable to transmit shear stress. Cohesive soils are less susceptible to vibration than granular 
soils, so a different process must occur to bring about a sufficient reduction in shear strength 
to allow penetration in these materials. Continued oscillation of piles driven through cohesive 
soils must cause local remoulding in the vicinity of the pile. Sufficient oscillation will eventually 
reduce a clay to its residual shear strength so that, for a given length of embedment, the 
frictional resistance to the pile will stop changing. However, since the length of the pile which 
is in contact with the clay will increase during a drive, the overall resistance to driving may 
increase. In veiy stiff cohesive materials, the clay may have sufficient shear strength to be self
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supporting such that an annular void may develop around the pile which would restrict the 
transmission of vibration. These possible responses of different soil types to vibrodriving may 
account for the changes in vibration magnitude described in subsections 4.3.2.1 to 4.3.2.5.
4.3.3 Summary and deductions
The published methods for predicting vibration from operation of vibrodrivers incorporate a 
dependency on the energy per cycle of the driver (Attewell et al 1992a,b; British Standards 
Institution 1992b; CEN 1998). Analysis of the data collected during the current research 
combined with data published by Uromeihy (1990) has provided no evidence in support of a 
relation between vibrodriver energy and the resulting vibration magnitude. Nonetheless, the 
two sites from the current study at which the highest vibration levels arose were those on which 
the drivers with the highest energy per cycle ratings were used. The soil profiles at these two 
sites (the Dee Crossing and the Second Severn Crossing) contained the greatest proportion of 
cohesive soils of the sites in the current research. High energy drivers are required for piling 
in cohesive soils (British Steel Piling 1997b) because vibrodriving in these soils is less efficient 
than in granular soils. It is suggested here that the vibration magnitude may be related to the 
energy required to drive a unit length of a pile. This energy requirement is determined by the 
penetration resistance offered by the soil. Use of any particular vibrodriver to drive piles in 
granular soils may generate a lower level of groundbome vibration than the same vibrodriver 
used in a cohesive soil because, in general, granular soils are more susceptible to vibration than 
are cohesive soils and therefore a granular soil may offer less resistance to penetration than will 
a cohesive sod.
The suggested dependence of the ppv on the resistance to driving was supported by evidence 
from frequency spectra. Above a critical level of resistance, which has not been investigated 
during the current research, the operating frequency of vibrodrivers was found to decrease as 
the force against which the driver operates increased. This reduction in operating frequency 
was often accompanied by an increase in the vibration magnitude.
Figures 4.3.12 to 4.3.17 illustrated the change in the ppv throughout the period of driving from 
each of the sites studied. These Figures demonstrate that there is no general trend which could 
be used to predict, a priori, when the maximum vibration will arise during any pile drive. 
However, when a driver was stopped and subsequently restarted, even after a break of several 
minutes, the steady state vibration levels were similar before and after the break in driving 
(Figure 4.3.16). This suggests that the vibration magnitude arising from a given combination 
of pile and soil may be able to be predicted if the correct factors can be identified and their 
effects quantified.
116
In general, thé transient periods of oscillation of the pile and driver at the start up and run down 
stages gave rise to the highest levels of vibration caused by driving any individual pile. The 
start up period gave rise to greater magnitude vibration than the run down. This is fiirther 
evidence to suggest that it is the resistance to driving which determines the magnitude of 
vibration (Section 4.3.1.5). There are insufficient data available from the present research to 
quantify the dependence of the magnitude of vibration arising from vibrodriving upon the 
resistance to driving.
It was shown in Section 4.3.1.5 that the ground vibration magnitude arising during the 
vibratory extraction of piles was similar to that which occurs during installation by vibrodriving. 
From this evidence it is suggested that groundbome vibration from vibratory piling arises 
mainly through interaction of the pile shaft with the ground, with relatively little influence on 
the vibration magnitude arising through effects at the toe. This contrasts with percussive piling 
(Section 4.2) where the data suggest that most energy is transmitted into the ground from the 
pile toe.
4.4 VIBRATORY COMPACTION
Yoo and Selig (1979) modelled the dynamics of a single drum vibrating rollers by a linear 
spring-dashpot system illustrated in Figure 4.4.1, within which the drum motion was assumed 
to be vertical. The force transmitted from the vibrating drum to the soil was shown to be 
dependent inter alia, upon the generated dynamic force, the stiffiiess and damping 
characteristics of the soil and the mass of the vibrating drum. Using the evidence from the 
experimental work undertaken during the current research, the effect of the properties of the 
fill on the generation of groundbome vibration is described in Section 4.4.2. Section 4.4.3 
considers factors relating to the plant and their mode of operation which were found to affect 
the vibration magnitude. Section 4.4.4 describes ways in which the author has attempted to 
estimate the energy transmitted from a vibrating roller into the fill.
4.4.1 The vibratory mechanism
The performance of dead weight rollers is enhanced by the introduction of vibration (O’Reilly 
1991). In most vibrating rollers, vibration is generated by rotation of a hydraulically driven 
eccentric shaft within the drum, although other mechanisms are also in use (Parsons 1992). The 
vibrating system is isolated from the frame which supports the vibrating drum by a flexible 
suspension system. A power unit drives the vibratory mechanism and, in the case of self 
propelled rollers, drives the transmission system which moves the entire machine.
The rotation of the eccentrically mounted shaft generates a force on the drum which continuously 
changes direction during each revolution. For single drum self propelled rollers and towed
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rollers, the movement of tfie drum under the action of this force is partially restrained in the 
plane through the frame supporting the drum. The frame is approximately horizontal under 
normal operating conditions. In the direction perpendicular to this plane (vertical) there is less 
restraint, giving the drum a greater freedom to vibrate in this plane. The design of tandem 
rollers potentially provides a greater amount of vertical restraint than that offered by single 
drum rollers. However, the data from measurements made on the drum of the Bomag 
BWl 61AD-CV Variomatic show that the vertical motion of the drum exceeded the horizontal 
motion for this tandem roller. The vibratory mechanism in this roller can be adjusted to 
orientate the direction of oscillation at angles from horizontal to vertical in increments of 18° 
(Section 3.4.2.6), Figure 4.4.2 shows the vibration velocity of the drum in three orthogonal 
directions and the resultant velocity. The resultant velocity of the drum indicates the total 
magnitude of the oscillation. The total drum movement increased as the orientation of the 
resultant dynamic force was changed from horizontal to vertical, due to the greater freedom of 
movement in the vertical direction than horizontally. As might be expected, the motion parallel 
to the drum axis was comparatively small throughout.
4.4.2 The influence of the properties of the fill
This Section considers how the fill which is undergoing compaction affects the resulting 
vibration magnitude. Evidence is derived from the controlled experiment (Section 3.4.2) and 
from the additional trial undertaken on a partially completed trial road constructed over a 
number of different subgrade materials (Section 3.4.3). Field data from the live construction 
sites are also considered.
4.4.2.1 The state of compaction
During the controlled trial it was observed that, in nearly all cases, the first pass of the fill by 
any item of plant gave rise to less vibration than did subsequent passes. For many rollers the 
ppv continued to increase for several passes. Figure 4.4.3 presents the data recorded from the 
vertical axis geophones beneath the fill (see Figure 3.14) which show the increase in the 
vibration magnitude with the number of passes for each roller. For the plant tested, up to 15 
passes of the roller were required before no further increase in vibration magnitude occurred. 
Some of the data presented in Figure 4.4.3 exhibit a distinct saw tooth trend. This is discussed 
in Section 4.4.3.7.
For each roller. Figure 4.4.4 illustrates the increase in the diy density of the fill with the number 
of passes. By comparing Figure 4.4.3 with Figure 4.4.4 it can be seen that the ppv and the 
density of the fill followed similar trends during the compaction process. Figure 4.4.5 confirms 
the relation. As the dry density increases, so too does the vibration magnitude recorded at all 
distances from the roller. The ppv data in Figure 4.4.5 are plotted on a logarithmic axis for
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clarity. When no fiirther increase in density can be achieved for a particular combination of fill, 
plant and operating method, the vibration might be expected to achieve its maximum magnitude 
and to remain approximately constant for subsequent passes. This is a similar principle upon 
which plant-mounted compaction meters operate, which are based on the assumption that the 
rebound acceleration of the vibrating drum is determined by the state of compaction. When no 
change in the vertical rebound acceleration between successive passes is recorded, this indicates 
that ho fiirther compaction is being achieved (Snowdon 1992; Adam 1999).
4.4.2.2 The effect of the type of fill
In addition to the changes in vibration magnitude which occurred as the fiU was compacted, the 
magnitude of vibration arising fi*om each piece ofplant tested during the controUed trial differed 
depending upon the type of fiU which was being compacted. Figure 4.4.6 presents the ground 
surface vibration data arising from “normal” passes with each roUer operating on each type of 
fiU. Normal passes are those passes during which compaction was undertaken with each roUer 
at an approximately constant speed over the whole length of the test bed and excludes other 
activities such as starting and stopping and operation of the vibrator whUst the roUer was 
stationary. For ease of interpretation, only normal compaction passes with each roUer are 
considered at this stage of the investigation.
With the exception of the Bomag BWl 61 AD-CV Variomatic, the magnitude of vibration 
arising from each roUer operating on the clay was sUghtly greater than when the same roUer 
operated on the hoggin. Figure 4.4.3 presented the vibration data from the geophones buried 
beneath the fiU. These data are consistent with the data in Figure 4.4.8, showing that the 
vibration levels at the base of the clay were greater than those beneath the hoggin in most cases.
The differences in the ground surface vibration levels recorded from compaction of the two fiU 
types may have been a real effect or may have been a peculiarity of the experimental method, 
which may have arisen because aU ground surface vibration measurements were undertaken on 
the same side of the test bed (Section 3.4,2.5). Vibration arising from compaction of the 
hoggin therefore encountered an additional acoustic impedance mismatch between the source 
and the ground surface measurement positions (Figure 3.18) which was not crossed by 
vibration from compaction of the clay.
To determine whether the interface between the two types of fill had any effect on the vibration 
magnitude, tests were undertaken (Section 3.4.2.6) during which vibration measurements were 
made simultaneously on both sides of the test area while a Bomag BWl 61 AD roller was 
operated on the hoggin (Figure 4.4.7a). Figure 4.4.7b presents some of the results from these 
tests. If  the acoustic impedance difference across the two fill materials was significant in 
affecting the vibration magnitude, then the vibration on the side closer to the hoggin would
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have been greater than that close to the clay. Allowing for distance variations, the data were 
essentially similar on both sides of the test bed (at V and W; and at Y and Z; Figure 4.4.7). 
Figure 4.4.7 demonstrates that the additional interface encountered in the propagation path by 
vibration arising from compaction of the hoggin did not affect the magnitude of vibration.
It follows from the measurements made on either side of the test bed that the interaction 
between the roller and the fill, or attenuation within the fill, reduced the energy transmitted into 
the environment from operations on the hoggin more than for operations on clay. To determine 
whether the motion of the vibrating drum differed between compaction of the two fill types, 
measurements were made with accelerometers secured to the vibrating drum of four of the 
rollers. The vibration was measured during operation of the vibrators while the rollers were 
stationary (Section 3.4.2.5). Table 4.6 presents velocity data determined by integration of the 
accelerometer outputs, which show that the magnitude of vibration of the drum was higher in 
all but one case while operating on the clay than while operating on the hoggin.
For interpretation of the data, it has been assumed that the relative magnitudes of vibration of 
the drums on the two different fills was the same whilst the rollers were stationary as it was 
when they were travelling. Therefore, it is concluded that the higher level of groundbome 
vibration during compaction of the clay than that during compaction of the hoggin^ arose as 
a result of a greater amplitude of vibration of the roller whilst on the clay than when operating 
on the hoggin. Based on the model proposed by Yoo and Selig (1979) (Figure 4.4.1), the 
different amplitudes may arise through differences in the stiffiiess or damping of the fill 
materials.
4.4.2.3 The effect of the stiffness of the fill
To investigate whether the stiffiiess of the fill was the cause of the difference in the vibration 
magnitude arising from compaction of the clay and the hoggin, the dynamic stiffiiesses of the 
two fill materialsweremeasured using continuous surface wave (CSW) tests (Matthews et al 
1996). At the time of the CSW tests, the fifi had been exposed to the weather for more than 
12 months following completion of the main phase of the trial, so the surface had become soft, 
particularly the surface of the clay bed. The results can therefore only be considered to be 
indicative of the relative stiffiiesses of the two types of fill during the vibration tests. The CSW 
test results are presented in Figure 4.4.8 and show that the stiffiiess of the hoggin was 
approximately an order of magnitude higher than the stiffiiess of the clay. The magnitude of 
vibration generated by rollers may therefore be a fimction of the stiffiiess of the fill, with larger 
amplitudes of drum oscillation occurring, and therefore higher levels of vibration arising, from 
plant operating on the clay than when operating on the stiffer hoggin.
1 2 0
Roller Drum, setting
Resultant drum velocity (mm/s)
Operation on hoggin Operation on clay
Bomag Rear, high ampUtude 226 263
BW135AD Front, high ampUtude 202 271
IngersoU-Rand High ampUtude 388 378
SD150 Low ampUtude 211 226
Bomag
BW161AD-CV Rear drum 89 152
Variomatic
IngersoU-Rand Front, high ampUtude 295 297
DD65 Front, low ampUtude 203 218
Table 4.6 Velocity of roller drums during steady state vibration whilst not travelling.
While much of the evidence from the controlled experiment indicated that higher levels of 
vibration arose from compaction of low stiffiiess fill than when compacting fill with a greater 
stiffiiess, other evidence was contradictory. Two sets of tests were undertaken with the Bomag 
BWl 3 5 AD on the hoggin. Initially, ten passes were undertaken, after which it became apparent 
that the hoggin was too wet to be compacted. The hoggin was therefore rotavated and allowed 
to dry for several days before the tests were repeated. Figure 4.4.9 presents the vibration data 
from both sets of tests undertaken on the hoggin and from the tests on the clay with the same 
roller. Although the stiffiiess was not measured, the compacted fill appeared to have a higher 
stiffiiess at the low moisture content than the fill which was compacted while wet. The 
vibration data show that compaction of the wet (low stiffiiess) hoggin gave rise to lower 
magnitude ground vibration than that from compacting it at a low moisture content and 
therefore higher stiffiiess. Compaction of the clay with the Bomag BWl 3 5 AD caused higher 
levels of vibration than those which arose during compaction of the hoggin at either moisture 
content (Figure 4.4.9).
Tiedemann (1970) also reported greater vibration from compaction of fill which was dry of 
optimum than those recorded when the same material was compacted at a moisture content 
above optimum. Watts (1992) reported that the stiffiiess of the ground influenced the levels 
of vibration arising from road traffic, with vibration increasing as the stiffiiess of the soil on 
which the road was constructed decreased. Hiller (1991) reported a similar result for railway 
operation. For both roads and railways, it was the stiffiiess of the materials on which the 
structure was founded, rather than the stiffiiess of the road or railway itself, which Watts (1992) 
and Hiller (1991) considered to influence the magnitude of groundbome vibration.
1 2 1
The relation between the stiffiiess of the material beneath the layer of fill being compacted and 
the vibration magnitude was investigated by tests on a 36m length of unpaved experimental 
road (Section 3.4.3). The road was founded on nine contiguous sections of subgrades of chalk, 
clay and a silty sand for which the stiffiiess of each had been measured. Trafficking was only 
possible on seven of the nine bays since two of the sand bays were too weak to support the 
roller with the vibrator operating. Figure 4.4.10 presents the ppv plotted against the stiffiiess 
of the subgrade. No correlation is apparent between the stiffiiess and the ppv across the 
different geomaterials. However, considering the chalk and the clay subgrades separately, the 
highest magnitude of vibration recorded fi*om the clay corresponds with the highest stiffiiess. 
For the chalk, a trend of increasing ppv with increasing stiffiiess is evident for each of the data 
points. Therefore, for individual material types there is an indication that the particle velocity 
was higher when the stiffiiess was higher, although this was not generally true between different 
materials.
The model developed by Yoo and Selig (1979) (Figure 4.4.1) showed that the force transmitted 
fi*om a roller to the fill was dependent upon both the stiffiiess and the damping coefficient of 
the fill. With all other parameters remaining constant, an increase in the damping caused an 
increase in the force transmitted to the fill at normal operating frequencies. This may explain 
the inconsistency in the influence of the stiffiiess on the vibration magnitude. The stiffiiess 
cannot be considered in isolation but the effect of the soil damping must also be taken into 
account. No damping data were acquired for the fiU materials during the current research and 
therefore this aspect cannot be investigated further in the present study.
Yoo and SeUg (1979) showed that, at normal roUer operating frequencies, an increase in the 
damping brought about an increase in the force transmitted into the fiU. The damping, 
represented by the viscosity of the dashpot in Figure 4.4.1, is speed dependent, so is dependent 
upon both the ampUtude and the frequency of the motion of the vibrating drum. The stiffiiess 
is dependent upon the displacement, so is related to the drum ampUtude but not to the 
frequency. If the operating frequency of a roUer’s vibratory mechanism is increased whUe the 
nominal ampUtude remains constant, then the speed at which the vibrating drum osciUates wiU 
increase. This increase in speed would bring about an increase in the effective damping, but if 
the ampUtude remains constant, the stiffiiess would not be affected. Conversely, increasing the 
ampUtude whUst maintaining a constant frequency would affect both the stiffiiess and the 
damping. The stiffiiess and damping properties of the soil during compaction are therefore 
dependent not only upon the soU but also upon the operating characteristic? of the roUer. It 
foUows that the transmission of energy into the ground may depend not only upon the 
properties of the soU and the roUer, but also upon their interaction.
1 2 2
4.4.2.4 Summary
The vibration magnitude arising from vibratory conç)action was found to be influenced by the 
type of fill and its state of compaction (Figures 4.4.6 and 4.4.5). The vibration magnitude 
increased as the dry density increased during compaction and became approximately constant 
as the maximum state of compaction possible for the particular combination of soil and plant 
was approached.
In Section 4.1 and Section 4.2 it was suggested that the magnitude of vibration arising from 
dynamic compaction and percussive piling reflected the efficiency of the operation. This also 
appears to be true for vibratory compaction, since the highest levels of vibration arise when the 
amount of compaction achieved is a minimum. At refiisal, when no fiirther compaction can be 
achieved, the magnitude of vibration remains approximately constant and at its highest level for 
a particular combination of plant, operating method and fill.
Compaction of clay during the controlled trial gave rise to higher levels of vibration than did 
compaction of hoggin, for most rollers. The stififtiess of the clay was lower than that of the 
hoggin. Further trials on different materials gave an indication that the vibration magnitude 
increased as the stiffiiess increased, but this was only the case for a given material. This trend 
was not apparent when comparing the ppv and the stiffiiess for different materials, such as the 
clay and the hoggin used for the main experimental work. This may indicate an influence of 
material properties other than the stiffiiess, possibly the soil damping, but it has not been 
possible to investigate this during the current research.
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4.4.3 The effects of the plant specification and its operation
The manufacturers of wbratory compaction plant specify a number of parameters to describe 
the performance of the plant. In most cases, data for the engine output, dynamic (often called 
the centrifugal) force, operating frequency, nominal drum displacement amplitude and static 
linear load are quoted. This Section describes the analyses of the field data undertaken to 
attempt to determine the influence these parameters have on the magnitude of groundbome 
vibration which arise from the operation of vibrating rollers. The means by which plant are 
operated, particularly with regard to the travel speed, is also important for the efficiency of 
compaction. The relation betweeti the travel speed and the vibration magnitude is considered 
in Section 4.4.3.6.
The investigation focused on the data from rollers operating on the clay during the controlled 
field trial to eliminate any differences arising in the data through the different behaviour of the 
two fill materials. In addition, the closest geophone for all tests was closer to the clay than it
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was to the hoggin. The influence of attenuation effects were therefore minimised by 
consideration of vibration from compaction of the clay.
4.4.3.1 Preliminary data analysis by normalisation
An initial indication of how the various parameters specified by the manufacturers of vibrating 
rollers affected the vibration magnitude was obtained by normalising the vibration data by each 
parameter in turn. Only field data from normal compaction operations (defined in 
Section 4.4.2.2) were considered for this stage of the analysis. Expressions were obtained 
relating the resultant ppv to the distance from the roller, and to the distance normalised to the 
engine output, the nominal amplitude, the centrifiigal force and the static linear load. A linear 
regression analysis was undertaken to fit a power law to each normalised data set. 
Figure 4.4.11 and Table 4.7 present the data from these analyses and include the relation 
between the resultant ppv and the distance, for comparison. Normalisation of the data by each 
of the parameters improved the correlation obtained by considering distance alone except for 
normalisation by the engine output; this parameter is discussed further in Section 4.4.4.1. Only 
a slight improvement in the correlation was achieved by normalising the data to the centrifiigal 
force. Stronger improvement in the correlation, giving values of greater than 90 per cent, 
were achieved through normalisation to the nominal amplitude and the static linear load. 
Further investigation of the effect of these parameters on the vibration magnitude are described 
in the following sub-sections.
4.4.3.2 The dynamic force
The dynamic or centrifiigal (see Section 2.3.3.1) force (FJ is a function of the rotating
eccentric mass (m^, its distance {R) from the axis of rotation and the angular frequency (co);
= m^R(ù^ [4.7]
where w is related to the operating frequency (f) by;
CO = 2%f [4.8]
Since and R are fixed for each roller when operated at a particular amplitude setting, if the 
frequency changes then the centrifugal force must also change. Spectral analysis of the ground 
vibration data revealed that, for many of the rollers tested, the actual frequency of vibration 
differed from the operating frequency quoted by the manufacturers. To enable calculation of 
the actual centrifugal force for comparison with the vibration data it was therefore necessary 
to determine the actual operating frequency. However, the values of and R were unknown 
so the following method was used.
124
Independent variable for 
regression analysis (b)
Coefficient of 
determination (R  ^; %)
Number of 
observations
distance (m) 31.7 1.41 75.5 616
distance {m) 
amplitude {mm) 45.7 1.40 93.5 6 lC
distance {m) 0.18 1.04
centrifugal force {kN)
79.5 616
distance {m) 0.51 1.42
static linear load {kgtcm)
91.4 616
distance {m) 
engine output (kW)
0.28 1.06 64.0 616
 ^Amplitude was not specified by the manufacturer of the Rammax roller.
Table 4.7 Parameters for power laws derived fi*om least squares regression analyses of the 
data fi*om the controlled experiment for the normal operation of rollers on both fills.
Forssblad (1981) stated that the nominal amplitude of motion of a vibrating drum {X) was 
defined by the quotient eccentric moment divided by the drum weight, where the eccentric 
moment is the product mfi. The derivation of this relation is presented in Box 4.1. From 
Equations 4.6 and 4.7:
4 $
m R  =
Therefore, substituting for m fi in Equation 4.1.3 (Box 4.1);
X  = [4.10]
where m^ is the mass of the drum. Therefore, for any individual roller;
P
[4.11]
The ratio / Xf^ should therefore be constant for any roller. The value of / Xf^ can be 
calculated from the manufacturers’ data since the values of these variables are usually quoted. 
The actual centrifiigal force can be calculated from the value of this quotient, the operating 
frequency (determined by spectral analysis of the vibration records) and the nominal amplitude.
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m.
Drum mass m,
Mass rrie rotates with angular velocity co, at a distance R, about axis pp’. The rotational axis is free 
to rotate but is rigidly fixed to the drum, of mass m ,^ at p and p’. Reactive forces Fr act at the fixity 
of the axis.
Magnitude of vertical reactive force changes as eccentric rotates:
Ff^ y{t) = Ff^cosiût 
Therefore, the instantaneous vertical acceleration of the drum, a^y{t) is
and the peak vertical acceleration a^ ^^  is
^d,v~
The reactive force is always equal and opposite to the dynamic force (F )^ due to the rotating mass: 
Therefore;
FR^F^ = m^R(£F
^d,V~
For a body oscillating vertically.with an amplitude x^t) such that; 
x^f) = Xcoswf
the vertical acceleration of the body {a^(t)) is;
a^f)= -(ü^Xcosœf
where X is the peak displacement, described as the “nominal amplitude” here, and is therefore;
(4.1.2)
Therefore, substituting for a  ^from (4.1.2) for a^y in (4.1.2); 
Nominal amplitude. X=
m ass of drum
(4.1.3)
Box 4.1 Derivation o f the relation between eccentric moment and nominal amplitude
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Thus, the centrifiigal force at the actual measured fi*equencies of operation of each roller was 
calculated.
To investigate the effect of fi'equency and centrifugal force on the magnitude of groundbome 
vibration it was necessary to consider only rollers where the frequency of operation varied but 
all other parameters remained constant. Spectral analyses of the data showed that the operating 
frequency for most of the rollers was consistent, although the operating frequency usually 
differed from that specified by the manufacturer. An exception was the operating frequency 
of the IngersoU-Rand DD65 used in the trial which, although supposed to be constant, was 
found to vary between 37Hz and 53Hz. Figure 4.4.12a presents the resultant ppv measured 
at the closest monitoring location plotted against frequency for this roUer. The vibration 
magnitude decreased as the frequency, and therefore the centrifiigal force, increased.
A fiirther set of data for which the frequency was variable was acquired from the IngersoU- 
Rand SD150 single drum roUer. The roUer operative was able to change the frequency of the 
vibrator from zero to 27Hz. Figure 4.4.12b presents the resultant ppv data recorded at the 
closest geophone to this roller plotted against the operating frequency, which shows an 
increasing resultant ppv with increasing frequency. These data exhibit the opposite trend to 
that shown by the IngersoU-Rand DD65 (Figure 4.4.12a). A possible explanation of this 
difference is provided by the model described by Yoo and SeUg (1979), as foUows.
Yoo and SeUg (1979) developed an analytical model (iUustrated in Figure 4.4.2) which showed 
that the force transmitted to the ground from a vibrating roUer increased as the frequency 
increased, up to a peak at resonance of the soil-roUer system. At frequencies above the 
resonance frequency, which is the range in which roUers are designed to operate, Yoo and SeUg 
predicted that the transmitted force would decrease and then remain approximately constant 
with increasing frequency. Figure 4.4.13 shows the generated (centrifugal) force and the force 
transmitted to the ground which Yoo and SeUg calculated for their model. The transmission 
ratio curve, reproduced in Figure 4.4.13, shows the ratio between the generated and transmitted 
force.
For the IngersoU-Rand DD65 tandem roUer and the IngersoU-Rand SDl 50 single drum roUer 
used in the current research, the resonance frequencies of each soU-roUer system were 
determined by spectral analyses of the ground vibration close to the roUer during the start up 
and run down transients. Since roUers are designed to operate at a frequency above the 
resonance frequency, the start up and run down phases pass through the resonance. The 
resonance frequencies were simUar on both types of fiU and were approximately 29Hz for the 
DD65 and 22Hz for the SDl50. The operating frequencies for which the vibration data are 
presented in Figure 4.4.12a were aU above the resonance frequency for the DD65 roller. A 
decrease in the vibration magnitude with increasing frequency occurred as predicted by Yoo
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and Selig’s model. The increase in ppv with increasing frequency shown in Figure 4.4.12b 
occurred at frequencies below the resonance frequency for the SDl 50 roller, but also continued 
above the resonance frequency, which does not fully agree with Yoo and Selig’s model.
The two IngersoU-Rand roUers (the SDl50 and the DD65) were the only plant tested which 
operated over a significant range of frequencies. The SDl 50 exhibited a marked increase in 
vibration magnitude with increasing frequency over the range of frequencies at which it was 
tested. In practice the roUer would normaUy be operated at its maximum frequency. The 
magnitude of the decrease in ppv which occurred for the different operating frequencies for the 
DD65 was smaUer than the increase which occurred over the operating ran^e of the SDl 50 
(Figure 4.4,12). Since roUers are designed to operate above the resonant frequency, in practice 
the operating frequency is unlUcely to have a significant influence on the magnitude of 
groundbome vibration.
4.4.3.3 The static linear load
The variable caUed the static linear load by plant manufacturers is actuaUy the effective mass 
per unit length acting on the contact interface between the drum and the fiU. Lewis (1961) 
found that the static weight per unit width of the drum gave a “reasonable guide to the Ukely 
performance” (Lewis (1961), p. 263) of vibrating roUers. As a result of the work by Lewis and 
others (notably Parsons 1992) the static linear load is used to categorise vibrating roUers in the 
Specification for Highway Works (Department of Transport 1993).Moreover, it is on this 
parameter alone that the compaction requirements for each fiU type and roUer are specified.
In Section 4.4.2.1 it was shown that normaUsation of the ground vibration data according to 
the static linear load yielded a considerable improvement in the correlation of the ppv and 
distance data (Figure 4.4.11 and Table 4.7). It was not possible within the trials undertaken 
during this research to undertake tests which isolated the static linear load as the only variable 
whUe maintaining aU other pai^ameters constant. Fortunately, three tandem roUers, the Bomag 
BW135AD, Benford TV75 and IngersoU-Rand DD65, operated at broadly simUar frequencies, 
nominal ampUtudes and travel speeds (Appendix C). Comparison of the data from these three 
roUers enabled an indication of the effect of static linear load on the resulting vibration 
magnitude to be obtained. Figure 4.4.14 presents the vibration data recorded at the geophone 
closest to operation of these roUers. Although there are only three values of static linear load 
and the data show some scatter, an upper bound envelope to the data suggests a linear relation 
between the static linear load and the resultant ppv.
Figure 4.4.15 presents data from the site on the Al near Macmerry in Scotland (see Table 3.3) 
where two different tandem roUers, a Bomag BW161AD and a Bomag BW135AD, were used 
to compact the same material. The static linear load of these two roUers are 27.0kg/cm and
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13.6kg/cm respectively. Despite the differences in static linear load, operation of the two 
rollers gave rise to similar magnitudes of vibration at distances beyond about 20m. Close to 
the roller, the heavier roller gave rise to the higher levels of vibration. The data from Macmerry 
therefore suggest that the static linear load alone may not provide a useful basis for vibration 
prediction.
4.4.3 4 The nominal amplitude
The nominal amplitude, considered by Krober (1988) to be one of the most significant 
parameters controlling the efiSciency of vibrating rollers, is defined by the eccentric moment of 
the rotating mass and the overall mass of the vibrating drum (Box 4.1). A vibrating roller 
provides a driving force which sets up forced vibrations in the ground. For a roller which 
remains in contact with the ground during its operation, the amplitude of the ground vibration 
would be expected to be related to the amplitude of vibration of the roller. Direct measurement 
of the amplitude of drum vibration showed that the actual amplitude was generally higher when 
operating on the clay than on the hoggin (Section 4.4.2). The magnitude of groundbome 
vibration generated was also higher when compacting the clay than when compacting the 
hoggin, which suggests that a relation may exist between the amplitude of drum vibration and 
the magnitude of groundbome vibration. Furthermore, the best correlation achieved through 
normalising the data by any of the parameters specified by the plant manufacturers occurred 
when the nominal amplitude was used (Figure 4.4.11 and Table 4.7).
Figure 4.4.16a illustrates the vibration magnitudes recorded during the controlled experiment, 
for normal passes on both fill types vrith each roller, with the data grouped according to the 
nominal amplitude. Figure 4.4.16b presents a similar plot for the data acquired on live 
constmction sites. Figure 4.4.17 presents the vibration data from the closest geophone 
(Geophone A; Figure 3.18) to illustrate further the dependence of the resultant ppv on the 
nominal amplitude. This trend is less well defined by the data from live sites, which may 
indicate that other factors are also significant, such as the properties of the fill, as has been 
found to be the case for the controlled experiment in Section 4.4.2.
Several of the rollers tested during the controlled experiment could be operated at either a low 
or high amplitude setting. Most of the experimental work was undertaken at the high amplitude 
setting but some testing was also undertaken at the lower amplitude for comparison. 
Figure 4.4.18 presents the vibration data from the IngersoU-Rand SDl50 during operation at 
different ampUtude settings. Although there was an increase in the resultant ppv vrith increasing 
nominal ampUtude, only two ampUtude settings were avaUable on each roller. Therefore, 
experimental investigation of the relation between the nominal ampUtude and the ppv was not 
possible.
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The magnitude of ground vibration was quantified in terms of ppv. In addition to the drum 
vibration amplitude, the ppv may be expected to be also dependent upon the operating 
fi*equency of the vibratory mechanism since the vibration velocity is proportional to the product 
of the amplitude and frequency. Figure 4.4.19 compares the data from the controlled 
experiment normalised by the nominal amplitude, with the same data normalised by the product 
of the nominal amplitude and operating frequency. The correlation of the data is reduced by 
the inclusion of frequency. This may result from the influences of both the stiflBiess and the 
damping of the soil, as suggested in Section 4.4.1.3.
4.4.3.5 The number of vibrating drums
Operation of a roller with two vibrating drums might be expected to transmit twice the energy 
into the fill as would a single drum roller having the same specification. The particle velocity 
arising from a double drum roller would therefore be 72 times that from the single drum roller, 
if the two drums operated in phase. This issue was investigated during the controlled 
experiment. For most of the testing, tandem rollers were operated with both drums vibrating. 
Once the fill bad been compacted to refusal, some additional passes were undertaken with only 
one drum vibrating (Section 3.4.2.6).
The data from tandem rollers operated with only one roller vibrating were compared with the 
mean ppv from the previous two passes during which both drums were vibrating. Figure 4.4.20 
presents the ratio of vibration arising from double drum operation to single drum operation, 
plotted against distance from the roller for data from the Bomag BW135AD, Benford TV75 
and Ingersoll-Rand DD65 rollers. (The Bomag BWl 61AD-CV Variomatic was not considered 
since the vibratory mechanisms within the two drums were different.) The mean value of the 
ratio of the vibration from two drum operation to that arising from a single drum is 1.42 (with 
a standard deviation of 0.32), which is similar to the theoretical value of 72.
A fiirther comparison of the effect on vibration magnitude of the number of vibrating drums 
came from the Ingersoll-Rand DD65. This roller was operated on the clay for several p^ses 
with only one drum vibrating before fiirther testing was undertaken with both drums vibrating 
(Section 3.4.2.6). Data from the two sets of tests are compared in Figure 4.4.21. Least 
squares regression lines fitted to the log-transformed data revealed a ratio of 1.46 (33.3/22.8) 
between the resultant ppv arising from double and single drum operation for distances from 2m 
to 101m. Again, this result is similar to the theoretical value of 72.
The rule of thumb predictors for safe working distances proposed by Forssblad (1974,1981), 
described in Section 2.5.3, make provision for the higher vibration levels generated by tandem 
rollers. Forssblad suggested that the safe working distance from tandem rollers was 1.5 times 
the safe distance for single drum rollers. From this it may be inferred that a ratio of 1.5 may
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have been observed in the difference in the vibration magnitude by Forssblad, which is a value 
similar to that observed during the current research.
The data presented in Figures 4.4.20 and 4.4.21 show that the use of twin vibrating drums 
causes an increase in the ppv, corresponding closely to a theoretical 72 increase arising through 
a doubling of the energy input to the ground. When making an assessment of the potential for 
disturbance to arise through ground vibration, it is necessary to consider both the magnitude 
of the vibration and its duration (British Standards Institution 1987, 1992a; CEN 1998; 
Madshus and Hârvik 1999). Although the ppv is increased (by a factor of 72) by the use of 
tandem rollers, the number of passes necessary to achieve the required state of compaction 
would be halved. This reduction in duration will partially mitigate the intrusion caused by the 
increased vibration magnitude. The calculation of vibration dose value (British Standards 
Institution 1987, 1992a) includes a fourth power time dependency for disturbance, so that a 
doubling of amplitude equates to the increased disturbance caused by a 16 fold increase in the 
duration of a vibration. According to the fourth power relation, an increase of 72 in vibration 
magnitude would require a four fold reduction in the vibration duration to maintain the same 
vibration dose value. Therefore, the increase in vibration magnitude which arises through the 
use of tandem vibrating rollers is not fully offset by the reduction in the duration of operation.
A further aspect which requires consideration is that, although the peak vibration magnitude 
is increased by the use of a tandem roller, there is commonly a slight difference in the frequency 
at which the vibratory mechanism in each drum operates. Figure 4.4.22a presents the frequency 
spectrum from a tandem roller (the Bomag BWl 35 AD) which shows two distinct peaks caused 
by the different operating frequency of the two mechanisms. This slight difference in frequency 
gives rise to a beating effect. Figure 4.4.22b illustrates the ground vibration waveforms which 
arose from the roller operating at the frequencies illustrated in Figure 4.4.22a. The beating 
causes cyclic variation of the vibration magnitude so that, although the absolute peak vibration 
magnitude is not affected, the maximum amplitude of each cycle of groundbome vibration is 
not constant but varies cyclically at the beat frequency. Consequently, the vibration dose value 
is less than that which would be calculated from a steady state vibration having the same peak 
magnitude. However, the reduced vibration dose may be offset by the disturbance caused by 
the pulsating nature of the vibration caused by the beats, but no national standard provides 
guidance on the assessment of intrusion caused by this kind of vibration.
4.4.3.6 The effects of the travel speed
For most of the testing undertaken during the current study, the travel speed of each roller was 
maintained approximately constant. To investigate the relation between the travel speed and 
the resulting ground vibration magnitude, additional testing undertaken with the Bomag 
BW l61 AD tandem roller (Section 3.4.2.6) was performed at a number of different travel
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Distance (m)
2.1 -0.54
5.1 -0.42
6.3 -0.35
11.1 -0.44
15.3 -0.41
Mean -0.43
Table 4.8 Relation between travel speed, Vj (km/h), of the 
Bomag BW161AD roller and the resultant ppv, (mm/s).
speeds. Figure 4.4.23 presents the change in ppv with increasing travel speed recorded at the 
five different distances for which data were acquired using the Bomag BW161AD roller. The 
data show that as the travel speed increased, the vibration magnitude decreased. Least squares 
regression analyses were undertaken to determine an empirical relation between the travel speed 
{V-i) and the resultant ppv (v^) at each distance:
V.„ “ F,* [4.12]
The results are summarised in Table 4:8. The mean value of the index (|) indicated that for 
travel speeds {V-  ^in excess of 0.5km/h, for this roller was related to Vj- by the relation;
[4.13]
The Bomag BWl 61 AD-CV Variomatic roller was also tested at several different travel speeds 
during the main phase of the controlled trial, at speeds ranging from 1.7 to 11.6km/h. The 
relation between travel speed and resultant ppv was less clearly defined than that for the 
BWl 61 AD. The relation determined for the Bom^g BWl 61 AD-CV Variomatic roller was that 
the resultant ppv was proportional to the travel speed raised to the power -0.35.
It was reported by Parsons (1992) that the amount of compaction achieved by many smooth 
drum vibrating rollers was broadly related to the inverse of the travel speed. The Specification 
for Highway Works (Department of Transport 1993) requires vibratory compaction to be 
undertaken within a limited range of travel speeds. If the speed exceeds the maximum of this 
range, then the number of passes is required to be increased proportionally. Parsons (1992) 
suggested that the amount of compaction may be related to the travel speed because the 
number of impulses applied to the soil per pass with a roller is reduced as the travel speed
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increases. An extension to this explanation, based on the magnitudes of vibration recorded 
during the current research and the observations made by D’Appolonia et al (1969) and Youd 
(1972), reviewed in Section 2.3.3.1, may be as follows.
The vibration from the roller temporarily reduces the intergranular stresses in the fill. Directly 
beneath the area of contact between the drum and the fill, the material is loaded by the weight 
of the drum. Therefore, beneath the roller, the fill particles are rearranged and contacted. In 
an area outside that loaded by the drum, loosening of the surface material occurs where the fill 
is subjected to violent vibration but where it is not restrained by the vertical load exerted by the 
drum (Section 2.3.3.1). A loosened zone of this type exists immediately ahead of the drum. 
The amount of compaction which the fill can undergo depends upon the length of time for 
which the vertical load is applied and the frequency of the vibratory mechanism. The fill must 
undergo sufficient number of oscillations while loqded to enable the soil particles to rearrange 
and be compacted. As the travel speed of the roller increases, there is a decrease in the period 
for which any incremental volume of fill is loaded and therefore the amount of compaction 
achieved is reduced. In the extreme case that the travel speed is so high, or the vibrator 
frequency is so low, that less than one oscillation occurs while the load is applied, the soil may 
be loosened by exposure to only the upwards part of the vibration cycle. It was demonstrated 
in Section 4.4.2.1 that the ppv increased as the compaction of the fill increased. It follows that, 
if an increase in the travel speed reduces the amount of compaction which can be achieved, then 
the vibration magnitude would also be expected to decrease as the speed increased. Even at 
refusal, when no further increase in the dry density of the fill is possible for a particular 
combination of plant and fill, some energy may be required for recompaction of the fill close 
to the surface, which becomes loosened by exposure to vibration ahead of the drum. Therefore, 
even at refusal the ppv would be expected to be influenced by the travel speed of the roller.
4.4.3.7 The direction of travel
Figure 4.4.3 presented the vibration data from the buried vertical axis geophones which 
illustrated the change in the vibration magnitude which occurred as compaction progressed. 
In two cases (Figure 4.4.3b and Figure 4.4.3d) a distinct saw-tooth trend developed in the ppv 
which arose from successive passes.
Figure 4.4.24 re-presents the data from Figure 4.4.3d for compaction of the hoggin using the 
Dynapac CA3 01 single drum roller and includes the corresponding data recorded from all other 
geophones. The travel direction of the roller for each pass is indicated beneath the pass 
number, F denoting forward passes and R denoting reverse. Figure 4.4.24 shows that the saw­
tooth effect seen on the buried vertical axis geophone also occurred at the ground surface. At 
the ground surface (Figure 4.4.24a to e), higher levels of vibration occurred while the roller was 
travelling forwards than when travelling in reverse. At the subsurface geophone
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(Figure 4.4.24f) the opposite trend occurred. The directional effect at the ground surface was most 
pronounced on the horizontal tangential component at all distances. At the closest geophone 
(Figure 4.4.24a) the travel direction had no effect on the other vibration components. At 8.7m offset 
(Figure 4.4.24b), the same trend of higher vibration when travelling forwards than when in reverse was 
shown by both horizontal components of vibration, but no clear trend was shown by the vertical 
component. The ppv of all three components at the next geophone array (Figure 4.4.24c) showed a 
forward-reverse dependency, but the horizontal tangential component showed the opposite trend to the 
other two components. At the two most distant geophones the resultant ppv was higher for forward 
passes than reverse passes. This trend was dominated by the horizontal tangential component, but no 
clear trend in the data from the other two components is apparent.
Figure 4.4.25 presents a similar illustration to that given in Figure 4.4.24 but shows the data for 
compaction of the clay using the Bomag BW135AD tandem roller. In Figure 4.4.25f, the data from the 
subsurface vertical geophone show that the ppv increased independently of the travel direction until the 
sixth pass. For the seventh pass a large drop in the vertical ppv occurred. Thereafter, a directional 
dependency of the ppv continued until the fourteenth paSs. For this roller, there was no clear evidence 
of a directional effect occurring on the grouhd surface (Figure 4.4.25a to e).
Parsons (1992) reported that tests with à pedestrian operated smooth drum roller had shown that a 
greater compaction performance was achieved for reverse travel than for forward travel. Parsons 
attributed this to the lower rolling speed used when in reverse operation. Figures 4.4.24f and 4.4.25f 
include the speed of the two rollers. There is no common relation between the direction of travel and the 
travel speed shown by the data for the Dynajiac CA301 (Figure 4.4.241) although there is some 
indication for the Bomag BWl35AD (Figure 4.4.251) that the travel speed was higher for passes 
undertaken while travelling in reverse than while travelling forward.
A further complexity in understanding the data arises when time histories are considered. It is important 
to recollect that the ground surface geophones were collinear, normal to the direction of roller travel and 
aligned with the midpoint of the test pad (Figure 3.18). The buried vertical axis geophones were also 
positioned at the midpoint of the test bed. The horizontal tangential geophone axes were parallel to the 
direction of travel and the horizontal radial geophones were normal to this. Figure 4.4.26 presents time 
histories showing the change in vibration during two passes of the Dynapac CA301 roller recorded at 
the buried vertical axis geophone and at a distance of 14.7m. Figure 4.4.26a illustrates the vibration 
during a forwards pass and Figure 4.4.26b presents the subsequent reverse pass. The peak in the 
vibration recorded at the buried geophone indicates when the roller passed over the midpoint of the test 
bed. At this tirne the distance to all the geophones was the minimum for the pass but the vibration level 
at the ground surface was not at its maximum. These time histories show that, in addition to the 
directional dependence of the maximum ground vibration during a roller pass, the variation in magnitude 
during a pass is complex and, in particular, markedly different behaviour is observed at the tangential 
and radial horizontal axis geophones. Further investigation of the dependency of the ppv on the travel 
direction Would benefit from additional field experimentation using a line of geophones arranged parallel 
to the roller travel direction. Understanding the behaviour shown in Figures 4.4.24, 4.4.25 and 4.4.26 
would be of value in practice given the possible relation between compaction efficiency and ppv 
(Section 4.4.2),
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4.4.3.S Summary
A number of factors have been considered which affect the magnitude of vibration arising from 
vibratory compaction. The parameter to which the vibration magnitude appeared to be most 
related was the nominal amplitude, although other factors also have some effect, particularly 
the static linear load. Krober (1988) reported that the nominal amplitude and the static linear 
load are also the main factors which govern the performance of compactors. In the current 
study, fill type and travel speed have been shown to influence the magnitude of groundbome 
vibration. These parameters are also important in defining the ability of a roller to achieve 
compaction. It is thus apparent that the factors which determine the ability of a vibrating roller 
to compact fill are the same as those which determine the magnitude of groundbome vibration. 
This observation is perhaps to be expected: compaction requires the transmission of energy 
from the roller into the fill and any energy which is not dissipated in the compaction process is 
propagated away from the source as ground vibration. The following Section considers how 
the energy available from a roller might be estimated.
4.4.4 Methods of estimating the energy transmitted from roller to fill
This Section presents three methods investigated by the author by which the energy transmitted 
into the ground by vibrating rollers might be estimated on the basis of the parameters specified 
by the plant manufacturers. Section 4.4.4.1 adopts a similar approach to that used for vibratory 
piling (Section 4.3.1.1), based on the energy available from the engine per cycle of the vibrator. 
Section 4.4.4.2 estimates the energy from an approximation of the potential energy gained by 
the dmm when raised by the action of the vibratory mechanism. Section 4.4.4.3 describes an 
attempt to approximate the energy from calculation of the dynamic force transmitted to the soil, 
following the method proposed by Yoo and Selig (1979).
4.4.4.1 Engine output
Methods of predicting magnitudes of groundbome vibration from vibratory piling works 
proposed in the literature (Section 2.5.2) are based on the nominal energy per cycle of the 
vibrodriver. The equivalent parameter specified by roller manufacturers is the output (specified 
by the manufacturer Stothert and Pitt) or performance (specified by Bomag) of the engine. 
Wheeler (1990) used the quotient of the square root of this energy value and the frequency of 
the vibrator as a basis for groundbome vibration prediction (Section 2.5.3).
Table 4.9 presents the results of linear regression analyses performed on the data from normal 
passes of rollers during the controlled experiment and including the engine ratings. No 
improvement was achieved by normalising the data either to the engine output or to its
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Independent variable for 
regression analysis (6) a
CoefiScient of 
determination
Number of 
observations
distance (m) 31.7 1.41 75.5 616
distance {m) 
engine output (kfV)
0.28 1.06 64.0 616
distance {m)
yj engine output (kW) 2.42 1.33 75.9 616
distance (m)
\j engine output per cycle (kJ) 30.4 1.35 81.5 616
Table 4.9 Results of least squares regression analyses incorporating the engine output and 
vibrator operating frequency of the vibrating rollers during normal operation on both fills in the 
controlled experiment.
square root. Normalisation by the square root of the energy per cycle, following the approach 
used by Wheeler (1990), did increase the coefiScient of determination. Figure 4.4.27 illustrates 
the effect of normalising the data by the square root of the energy per cycle. Figure 4.4.27a 
plots the resultant ppv against distance and in Figure 4.4.27b the data are plotted against the 
distance divided by the square root of the energy per cycle. While normalisation by the square 
root of the energy per cycle yields an improvement in the correlation, the correlation is less 
good than those achieved when normalising the data by either the nominal amplitude or the 
static linear load (Table 4.7). This may indicate that the vibration is dependent more upon the 
characteristics of the compaction mechanism than on the engine. Since the engine is used both 
to drive the vibratory mechanism and to propel self propelled rollers, it is improbable that the 
engine output would be better correlated with the vibration magnitude than a parameter related 
only to the compaction mechanism. This has been confirmed by the field data.
4.4.4.2 Potential energy approximation
An alternative method of estimating the energy transmitted from a vibrating roller into the fill 
has been considered in the current study. In this method, it is assumed that the vibrating drum 
is raised by the vibratory mechanism through a distance equal to the nominal drum amplitude 
and allowed to fall back to the ground during each cycle. The energy input may then be 
approximated by the potential energy gained and dissipated within each cycle. This approach 
was stimulated by the observation that the ppv is dependent upon the nominal amplitude and 
the static linear load. For calculation of the potential energy, the raised weight used to effect
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compaction was estimated from the static linear load and the drum width and therefore includes 
both the weight of the drum and a contribution from the rest of the plant. On this basis, the 
estimated potential energy (Cp) is given by:
[4.14]
where X  is the nominal amplitude;
is the static linear load;
Lj is the width of the roller drum; 
g  is the acceleration due to gravity.
In order to eliminate any influence of the different types of fill, changes in the state of 
compaction and variability in attenuation rates, this relation was fitted to the vibration data 
recorded at the geophone closest to the test pad while the rollers were operating on the clay 
only. In addition, the data from the first few compaction passes with each roller were also 
excluded. The vibration data were plotted as the resultant ppv (v^) against the potential energy 
term (Cp). A least squares regression analysis of the 73 data points from closest geophone 
whilst the rollers operating on the clay yielded the following relation, with a coefficient of 
determination (R )^ of 93.3 per cent:
[4.15]
A square root relation between the resultant ppv and Cp therefore provides a close 
representation of the data. Figure 4.4.28 presents the vibration data plotted against the square 
root of the energy tçrm (Cp). The least squares regression line fitted to this plot yielded the 
relation:
Vres = 2 .0 7 ^  -  1.40 [4.16]
where 8p is in joules and the is in mm/s. This relation fitted the data with a coefficient of 
determination (R )^ of 95.8 per cent for the 73 data points used. For comparison, a relation 
determined using 6p^ '^ , according to Equation 4.14, yielded a value of R  ^of 96.0 per cent.
While the correlation between the ppv and the square root of the energy term is high, the 
intercept value was expected to be positive since, if the vibratory mechanism was not operating 
as the roller passed, the nominal amplitude and hence the value of 8p would be zero, but some 
vibration would occur. Even when an upper bound was determined by regression analysis to 
fit an equation to the maximum ppv observed for each roller (excluding the data from low 
amplitude operation) a negative intercept was obtained. The equation of this upper bound, 
fitted to seven data points with a coefficient of determination of 99.6 per cent, was;
Vres = 2.26 -  0.36 [4.17]
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Equations 4,15 to 4.17 were based on the raw vibration data with no account taken of the 
number of drums which vibrated. Considering the 73 data points and applying a correction of 
V2 to the data for single drum rollers (see Section 4.4.3.5) yielded a greater negative intercept 
value (-4.18) and a similar correlation (R  ^ of 95.6 per cent) to those calculated when the 
number of drums was not considered. It is not clear why each of these analyses yielded a 
negative intercept value.
In Section 4.4.3.1 the vibration data from the controlled trial were plotted against the distance 
normalised by various parameters specified by the roller manufacturers (Table 4.7). Repeating 
this procedure using the square root of the potential energy yielded the following relation;
= 3.55res
d -1.34
[4.18]
where d  is the horizontal distance from the roller. The coefficient of determination (R )^ was
92.7 per cent, for 611 observations. Comparing this result with Table 4.7 shows that the 
correlation is similar to that determined when normalising the data by the nominal amplitude 
and slightly better than the correlation with the static linear load.
Approximation of the potential energy of the raised vibrating drum as described in this 
subsection appears to provide a reasonable basis for the prediction of groundbome vibration 
from vibratory compaction. The energy parameter (8p) combines the static linear load and the 
nominal amplitude, which were the parameters found in Section 4.4.3 to be most significant in 
determining the magnitude of ground vibration.
4.4.4.3 Estimation of energy via the force exerted by the roller
Yoo and Selig (1979) proposed a method by which the force exerted on the fill by operation 
of a vibrating roller may be calculated. Their model was based on the system illustrated in 
Figure 4.4.1 in which the force transmitted to the fill is related to the dynamic force generated 
by the vibratory mechanism, the mass of the roller, and the stiffiiess and damping characteristics 
of the soil and the suspension of the roller. To relate force and energy, a distance term must 
be introduced. The following investigation considered whether the ppv can be related to an 
energy term, estimated by assuming that the calculated force acts through a distance equal to 
the nominal amplitude (X).
From the model developed by Yoo and Selig (1979), the force, F^ , transmitted from a vibrating 
roller to the ground was given by:
[kjx\2 +
dt
[4.19]
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where ^ is  the spring constant for the fill;
X is the displacement of the roller drum; 
a  is the damping coefficient for the soil; 
t is time.
To apply this method using the parameters specified by the plant manufacturers, the peak 
displacement of the roller drum was approximated to the nonjinal zero-to-peak amplitude (X). 
The velocity of the drum, dx/dt^ is the speed with which the drum travels up and down, if it is 
assumed that the motion is vertically polarised. The total vertical distance travelled by the drum 
during each rotation of the eccentric mass is 2X and therefore the maximum magnitude of dx/dt, 
Vdnm, is given by;
[4.20]
where/is the frequency (Hz). Substituting for dx/dt in Equation 4.19, the peak force 
transmitted to the ground is given by :
[4.21]
Equation 4.21 relates the force transmitted to the soil to two parameters pertaining to the roller 
which are quoted in manufactyrers’ specifications: the nominal amplitude and the operating 
fi*equency. The parameters ^and ar relate to the fill on which the roller is operating and are 
likely to be dependent upon many variables, including the type of fill, the degree of compactioi^ 
the moisture content and the rate of dynamic loading. Yoo and Selig (1979) considered that 
determination of appropriate values for the stiffiiess and damping was “by far the most difficult 
problem” (Yoo and Selig 1979, p. 1215) in the development of their model. However, 
Equation 4.21 demonstrates that the force transmitted to any soil by any roller is governed 
primarily by the drum amplitude. This concurs with the findings of Section 4.4.3 which 
indicated that the ppv had a greater dependence on the nominal amplitude than on the other 
parameters considered.
From calculation of the force transmitted to the fill (FJ, the energy may be approximated fi-om 
the product of and the nominal amplitude (X) if it is assumed that the force acts through the 
distance X. This implies that the energy transmitted to the fill is related to since F^  is 
proportional to X  (Equation 4.21). A linear regression analysis undertaken to determine the 
relation between the resultant ppv, X^ and the distance (d) fi’om the roller yielded a coefficient 
of determination (R )^ of 90.6 per cent fi"om 611 observations and the following relation:
[4-22]
This is an improvement over the correlation with distance only but is a less good correlation 
than that achieved by normalising the field data by the amplitude (Table 4.7). Performing a
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regression analysis which determined separate indices for the amplitude and the distance yielded 
the relation:
' ' - = 4 5 . 1 6 ^  [4.23]
The coefficient of determination was 93.5 per cent.
It is concluded that a prediction ofthe magnitude of ground vibration via the force transmission 
calculation proposed by Yoo and SeHg (1979) is the least satisfactory of the methods 
considered during the current research. This may be because it was not possible to account for 
the effect of the soil stiffiiess and damping.
4.4.5 Summary
The magnitude of groundbome vibration arising from vibratory compaction is dependent upon 
the characteristics of both the plant and the fill. The characteristics ofvibrating rollers which 
the literature has reported to effect the efficiency of compaction have been found to determine 
the magnitude of groundbome vibration. The most ing)ortant parameters relating to a vibrating 
roller which determine its ability to compact fill and which influence the magnitude of 
groundbome vibration are the nominal amplitude and the static linear load. In addition, the 
efficiency of compaction is reported in the literature to be dependent upon the speed of travel 
of the roller and the number of vibrating drums. These variables, too, were found to influence 
the vibration magnitude.
A number of methods of estimating the amount of energy transmitted into the ground from the 
roller were considered during the current research. Of the three approaches investigated, the 
best correlation between the resultant ppv and the estimated energy was achieved through an 
approximation of the potential energy gained and dissipated by the drum during each vibratory 
cycle. The calculation of this potential energy term incorporated, inter alia, the nominal 
amplitude and the static linear load, the parameters found to correlate best with the resultant 
ppv.
The properties of the fill also affected the magnitude of ground vibration. Measurement of the 
density of the fill showed that the ppv increased as the dry density of the fill increased. For the 
compaction of any particular fill material, there was an indication that the vibration increased 
as the stiffiiess of the material increased. However, no relation between stiffiiess and ppv was 
apparent when comparing vibration magnitudes arising from compaction of different types of 
fill materials. It is concluded that the vibration magnitude is dependent upon the stiffiiess of the 
fill and some other property, tentatively suggested to be the damping coefficient, although there 
are no data from the current study which enabled this to be investigated.
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141
o(0
Q .
E
1.1
(a) Profile 1
g.
Q .
C
BI01
g.
Q .
C
BI(T
0.8
0.7
0.6
-I I I I ' I I ■I..........I___ I__ I I_I—I—1_
üco
Q .
E
>
CL
CL
C
B
i01
g.
CL
C
(C
10
1.1
0.8^  r
^  0.7
0.6
0.5
100
Distance, d (m)
1000
(b ) Profile 2
1 i r
10
▼ First impact 
■  Second impact 
A  Third impact
_i I I I I L
100
Distance, d (m)
1000
Figure 4.1.2 Groundbome vibration from 5m drop height at (a) Profile 1 and (b) Profile 2 
at Snodland. The lOt tamper was dropped at the same location for both sets of tests.
142
1.05
g.
Q .
C
BIa:
u 0.95
CD
Q .
E
0.9
I 0.85
C
B
1 0.8
0.75
0.7
0
m #
- X XX X X X X X
- • ■ *
e $ A ±
A m ■
-
# A ▼*m A A
- A A
▼ ^ ▼
■
-
- ▼ First impact
■ Second impact
T A Third impact
—
▼
e Fourth impact
• • 1 1 1
X
1
Fifth impact 
1 1 1
20 40 60 80 100 120
Distance, d (m)
Figure 4.1.3 Vibration arising from successive impacts of an 8.5t tamper dropped from a 
height of 12m at the Coventry site.
143
CN
N i
o
ICL
Q .
■ ;>«MM
CD £
f ■■
CM
CN
CN 00
CD
CD
CD
N"
CD
CN
CD
Lut  ^OL=W m o jj  A dd ;u e ; in s e j  u e a |/\ | 
A ‘Add lU B iin s e y
§
I
I I IT— lO T— I I
Lut  ^ Ol.=M lu o jj  Add ;u e t |n s9 J  UBB|/\| 
A Add lU B iin sa y
I
00 TJ
mK <
^ WWM W '
CI( Dû
► DM» ►
m  -E[M m
m H
2
Q .
CN 00
CD
CD
(D CD
CN
CD
CN
O  E
z:
(D
1
2 0000 T3
K
EB
c o j
E
2
CD
X
co
CN 00
CD
CD
CD CD
CN
CD
1
2 
 "O
& 
E 
JS
S 
I
i
f
X
CD
OI>=M Luoj; Add )UB;ins9J u b 9|/\| 
A Add lU B iin sa y
144
Lu^ OI.=q m o jj  Add ;u B :|n s9 j  u b 9|/\| 
A Add iu B | |n s 9 y
Figure 4.1.5 Tamper used at Snodland showing detail of the cable attachment.
145
?%
1 10 100 
Horizontal pile-geophone distance, d (m)
Figure 4.2.1 Ground vibration data from percussive driving of steel H piles 
at the A47 site using a 5t hammer.
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4.2.2 Data from Figure 4.2.1 replotted according to the pile toe depth.
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Figure 4.3.7 Schematic representation of the generation of vertically polarised vibration by 
rotation of four eccentrically loaded rotating shafts.
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Figure 4.3.14 Change in the energy and frequency of the vertical component of ground 
vibration at a horizontal distance of 8.9m during the extraction of a pile casing at the 
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Figure 4.4.5 The eflect of dry density of each fill material on the peak particle velocity 
recorded at each geophone, (a) and (b) are data fi*om a single drum vibrating roller, (c) and 
(d) are data Ifom a tandem vibrating roller.
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5 DISTRIBUTION OF VIBRATION AT THE GROUND SURFACE
The spatial distribution of the magnitude of groundbome vibration at the ground surface is 
dependent upon several fectors. Much research has been undertaken elsewhere to consider the 
effects of the attenuative properties of various earth materials and to attempt to quantify the 
significance of frictional losses (for example Mintrop 1911; Bomitz 1931; Attewell and Ramana 
1966; Portsmouth et al 1992; Sams et al 1997). Little consideration has been given to the 
significance of the correct specification of the location and dimensions of the source on the 
distribution of vibration arising from civil engineering works. These aspects become especially 
important when attempting eithèr to predict magnitudes of vibration at close range or when 
considering vibration magnitudes at a wide range of distances.
Correct specification of the distance is dependent upon the correct identification of the location 
at which the energy is transferred to the ground. For some sources of vibration, the location 
of the source is clearly apparent, whereas the nature of other sources, particularly piling, is 
more complex.
The empirical published predictors of ground vibration, for all types of sources, relate the peak 
particle velocity (ppv) to the inverse of the distance from the source raised to a power, often 
unity or greater (for example Attewell and Farmer 1973; Mayne et al 1984; New 1986). This 
approach implies a point source of vibration and is adequate when considering only distances 
from the source which are large compared with the dimensions of the source. As the source 
of vibration is approached, the inaccuracy inherent in the point source assumption becomes 
increasingly significant.
The shape of the source is important because it affects the shape of the waveform which is 
generated in the ground. The energy transmitted to the ground is spread over an increasingly 
large wavefront as the wave propagates away from the source. The energy flux at any point 
determines the vibration magnitude. The energy flux depends on the source energy and the 
surface area (for body waves) or length (for surface waves) of the wavefront over which the 
energy from the source is spread. The vibration magnitude is therefore dependent upon the 
shape of the vibration source.
This Chapter considers the variation of the magnitude of vibration experienced at the ground 
surface with distance from dynamic compaction (Section 5.1), percussive piling (Section 5.2), 
vibratory piling (Section 5.3) and vibratory compaction (Section 5.4). The absolute magnitude 
of vibration is not addressed; this aspect was considered in Chapter 4.
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5.1 DYNAMIC COMPACTION
This Section considers the distribution of the magnitudes of groundbome vibration arising from 
dynamic compaction. Section 5.1.1 describes the influence of the source shape on the 
distribution of ppv with reference to the data acquired during the current research (Section 3.2). 
Section 5.1.2 considers the rate of attenuation of vibration as the energy propagates away from 
the source.
5.1.1 The effect of the tamper size and shape
Dynamic compaction is commonly undertaken using a tamper which is circular or square in 
plan. A point source impacting on the surface of a uniform elastic half space would give rise 
to a circular wavefront with a circumferential length o f 2 tv d, where d  is the distance from the 
impact. The wavefronts would also be circular and concentric with the tamper for a circular 
source of finite size. A square tamper would cause a surface wave to radiate outwards as a 
circular arc from each comer of the tamper, with each arc separated by a linear wavefront 
having a length equal to the length of the side of the tamper (Figure 5.1.1a). For a square
source of finite size, the energy propagated as a surface wave would be distributed over a
wavefront of length given by;
l^=2%d + 4L^ [5.1]
where L, is the length of the sides of the tamper. The significance of decreases as d  increases 
and a point source model becomes an increasingly valid approximation with increasing d.
A body wave arising from a point source would propagate as a hemisphere having a surface 
area of 2 nd For a square source of finite size, the body wave would propagate as a 
hemisphere (radius d), four quarter-cylinders (length L, and radius d) and a square planar 
wavefront, with sides of length which would propagate vertically downwards 
(Figure 5.1.1b). The surface area (A )^ of the wavefront is;
A ^= 2% d{d*L)*L f [5.2]
The wave energy is distributed over this expanding surface and the shape of the tamper 
therefore affects the distribution of vibration magnitudes. Figure 5.1.2 compares the 
distribution of vibration magnitudes arising from a point source with those from a 2m square 
source. The curves in Figure 5.1.2 have been calculated assuming an energy input which is 
equal at the centre of the tamper for both cases but which spreads out from the centre with a 
wavefront having a shape which is defined by the shape of the tamper. A value of Z, of 2m has 
been used in this numerical example since this was the approximate size of the tamper used at 
the two dynamic compaction sites from which data were acquired during the current study. 
Figure 5.1.2 indicates that, if a point source model is assumed, extrapolation to much shorter
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distances than those from which the data on any particular site were acquired could lead to an 
over estimation of the vibration magnitude at close range.
The field data from the four locations studied at Snodland are presented in Figure 5.1.3. These 
data plot closely to a straight line on logarithmic axes, with no indication of a curvature in the 
data at the shortest distances (10m) for whiçh data were recorded. Figure 5.1.4 presents the 
data from the Coventry site, where the closest measurements were made at 5m. Figure 5.1.2 
suggests that at the range of distances from which the field data were acquired, the distribution 
of vibration magnitudes can be adequately represented by a point source model. There are no 
data available in the current study from suflSciently close to the impact to verify the curvature 
at close range predicted in Figure 5.1.2. Acquisition of such data presented the practical 
problem that the very large vibration magnitudes expected close to the impact were greater than 
the operating limit of the data acquisition system.
5.1.2 The rate of attenuation
It was predicted in Section 5.1.1 that a plot of ppv against distance on logarithmic axes may 
exhibit curvature at close range because of the shape of the source. Some authors (for example 
Mintrop 1911; Bomitz 1931; Barkan 1962; Richart etal\910; Massarsch 1992) have observed 
curvature in the distribution of field data from a variety of sources indicating an increasing 
attenuation rate with increasing distance. This attenuation caused a convex upward trend to 
a logarithmic plot of ppv against distance from the source. This curvature has been attributed 
to material damping effects and Mintrop (1911; cited by Bomitz 1931) proposed that the 
attenuation equation should contain an exponential component to account for this effect (see 
Equation 2.6). Equation 2.6 includes a sqüare root relation to describe the theoretical rate of 
geometric spreading of surface waves. A more general form of Mintrop’s equation, which 
allows for other rates of geometric attenuation may be written as;
p
[5.3]
where v is the ppv at a distance d  from the source and V[ is the ppv at a reference distance d .^ 
The parameter a is the coefficient of attenuation, attributed to material damping effects and p 
describes the rate of geometric attenuation. In a homogeneous isotropic elastic medium, p 
would have a value of unity for body Waves.
During the studies undertaken at Snodland, vibrations were measured at distances of up to 
400m from the source. Despite the large distances involved, when plotted on logarithmic axes 
(Figure 5.1.3), the data front this site did not exhibit the curvature predicted by the equation 
containing a material damping component. Curve 1 in Figure 5.1.5 and Table 5.1 presents the 
results of a least squares regression analysis performed to fit a power law to all the data from
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Curve 
(Figure 5.1.5)
Form of
regression
equation
Regression equation R" (%)
1 Equation 5.4 95.7
2 Equation 5.3 
Vj and a  iterated; 
p=0.5
= 65.68 ^ J_ g -0.0092(rf-l)
d
88:5
3 Equation 5.3 
V], a  and p 
iterated
1.42
g-0.0015(rf-l) 95.9
Wes is the resultant ppv (mm/s); d  is the offset distance from the tamper (m)
Table 5.1 Comparison of attenuation relations determined for 245 data points from dynamic 
compaction tests at Snodland.
the four profiles from Snodland, relating the resultant ppv to the horizontal distance {d) 
of the form:
[5.4]
Figure 5.1.5 and Table 5.1 also include two curves of the form of Equation 5.3. The curves 
have been determined by nôn-linear regression analyses to calculate values for the parameters 
in Equation 5.3. Curve 2 has used the assumption that geometric spreading causes attenuation 
according to a square root relation (P=0.5). This provided a poor fit to the field data. Curve 3 
has been determined through an analysis which allowed both p and a to iterate to yield the best 
fitting curve. The results presented in Table 5.1 show that a very slight improvement in the 
coefficient of determination (R )^ was achieved by allowing both a  and p to iterate when 
compared with a simple power law relation (Curve 1). There is little difference in the 
correlations because the data from Snodland deviated only slightly from a straight line and 
therefore the a value was small. However, the value of a, calculated to be 0.0015m'  ^ for 
Curve 3, falls within the range of values proposed by Woods and Jedele (1985) for hard soils, 
described by them as soils which one “cannot dig with shovel, must use pick to break up” 
(Woods and Jedele 1985, p. 238) which is an appropriate description for the intact chalk at the 
Snodland site.
The gradient of the power law fitted to the data from Snodland, having a value of 1.56 
(Equation 5.4), is steeper than that calculated for geometric spreading alone, but the absence 
of curvature at the larger distances and the value of a of 0.0015m’^  suggests that material 
damping only contributed slightly to the attenuation. Figure 5.1.6 presents time histories 
illustrating the waveforms which occurred at various distances from the dynamic compaction
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rig at Profile 1 at Snodland. At close range, the waveform has a sharp peak and a short 
duration whereas at greater distances the duration of the vibration increases. The energy 
propagated by the wave therefore becomes distributed over a greater period of time with 
increasing distance from the source. The ppv is therefore reduced as the distance increases by 
spreading of the waveform, irrespective of other processes of attenuation.
In Figure 5.1.6, at the most distant geophone location, 400m from the source, the waveform 
is clearly separated into two distinct events, caused by the separation of the constituent wave 
modes. From the first arrival times at 400m of the two wave modes in Figure 5.1.6, the 
propagation velocities were calculated to be approximately 1860m/s and 510m/s. The first 
arrival may therefore be considered to bè the compressional wave and the later event either a 
surface or shear wave. The separation of the energy into two distinct wavetrains and the 
absence of a curvature in the field data over a range of400m (Figure 5.1.3) supports the view 
of those authors who have suggested that the majority of attenuation of the ppv may be 
attributable to effects other than absorption factors (Section 2.4).
5.1.3 Summary
Theory suggests that a plot of ppv against distance for dynamic compaction may be expected 
to exhibit a curvature at small distances because of the shape and finite size of the tamper, but 
no data have been acquired from sufficiently close to dynamic compaction to verify this.
The rate at which the ppv attenuates with distance from the source is higher than that expected 
for geometric spreading in a uniform medium. The data from Snodland show that spreading 
of the waveform, brought about in part by the separation of different wave modes, is at least 
partially responsible for the rate of attenuation being higher than that expected from geometric 
spreading alone.
5.2 PERCUSSIVE PILING
Section 4.2.1 verified the observation made in the literature (Section 2.4.2) that the energy 
transferred from the pile to the ground during percussive piling takes place mainly at the pile 
toe. It was also demonstrated that the vibration magnitude at the ground surface generally 
increased as the penetration resistance increased. There are thus two conflicting effects which 
may influence the observed distribution of ppv data. As the pile is driven, the energy source 
moves away from measurement points located on the ground surface, causing an increase in the 
length of the travel path over which the energy is attenuated. At the same time, the energy 
transmitted to the ground increases. This Section considers whether the combination of these 
effects can be used to explain the spatial variation of vibration data from percussive piling seen 
in Figures 4.2.2 and 4.2.3.
199
Figure 4.2.3 presented the field data from the A47 plotted against the slope distance from the 
pile toe, subdivided according to the pile toe depth. The data plot approximately linearly for 
almost the whole range of distances, although the data from the greater pile toe depths exhibit 
a concave upwards curvature. In addition, for pile toe depths greater than 15m, the data from 
the closest geophone to the pile recorded a ppv which was less than that at the second 
geophone from the pile.
Plotting the A47 data against the horizpntal distance from the pile (Figure 4.2.2), gave a 
generally convex upwards distribution of data, with maxima for each group of data occurring 
at a distance of between 5m and 20m from the pile. The distance from the pile at which these 
maxima occurred incteased with increasing depth of the pile toe. Moving inwards from the 
location of the maxima towards the pile, the ppv decreased for several metres. Still closer to 
the pile, there is an indication that the vibration magnitude recovered again, although there are 
relatively few data from these small distances.
A series of simple simulations are described in the following Section which were developed by 
the author to attempt to replicate the observed distribution of the field data. Aspects of the 
data which the models could not reproduce, particularly the details close to the pile, are 
investigated by inspection of the time histories and through inspection of particle trajectories.
5.2.1 Simulations to investigate the distribution of vibration magnitudes
This Section describes a number of attempts to determine whether the distribution of the data 
from the A47 site, shown in Figures 4.2.2 and 4.2.3, could be reproduced by numerical 
simulations.
Figure 4.2.4 showed the increase in resultant ppv, recorded at the most distant geophones, with 
increasing toe depth at the A47 site. By considering the distribution of data in Figure 4.2.2 and 
Figure 4.2.3, it is conjectured that the rate of increase in ppv with toe depth was the same at 
aU distances from the pile toe. It may therefore be appropriate to apply a relation determined 
from the data from the distant geophones to all other distances. In order to do this, however, 
it is necessary to consider the proportional change in ppv with toe depth, rather than the 
absolute change. The proportional change may then be applied to any initial ppv value, 
determined for any number of discrete distances from the pile, to determine the absolute 
vibration magnitude at each of those distances for different pile toe depths.
One way in which a proportional change may be quantified is to use a decibel (dB) scale. Any 
change in the number of decibels always produces the same ratio change in the vibration 
magnitude. For example, an increase of 3dB always equates to a doubling of energy (equal to 
a /2  increase in ppv), irrespective of the absolute magnitude. Since a decibel scale defines the
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magnitude of the change in a quantity, conversion from absolute magnitudes to a decibel scale 
requires that the absolute value is compared to a reference level. Although any value may be 
selected for the reference level, a reference particle velocity of 10’^  mm/s has been used in the 
current study since this value has been suggested elsewhere for the analysis of vibration data 
in decibels (Brüel and Kjær, undated; Endevco, undated). Conversion from resultant ppv in 
mm/s (denoted v^^) to dB referred to 10'^  mm/s (denoted v^ g) was calculated from:
V r f B = 2 0 1 o g ,„
m^m/s [5.5]
10 “  ^
Figure 5.2.1 re-presents Figure 4.2.4 with the data converted to decibels referred to 10*^  mm/s. 
A linear regression analysis was undertaken to determine a relation between v^ g and the pile toe 
depth (Z). For the A47 site, the following relation was determined;
= 0.74Z + 86.77 [5.6]
where is the resultant ppv (dB re. 10’^  mm/s);
Z is the depth below the ground surface of the pile toe (m).
Based on the assumption that this relation applied at all distances, the proportional change in 
the vibration magnitude at the ground surface with any incremental increase in pile toe depth 
at the A47 site could thus be calculated. Equation 5.6 describes an increase in the resultant ppv 
at the ground surface of 0.74dB, equal to approximately 9 per cent (Box 5.1), for every Im 
increment of driving. From a knowledge of the vibration magnitude at any point on the ground 
surface and at any toe depth during driving, the vibration magnitude arising from any 
subsequent toe depth may thus be calculated. To proceed with development of the simulations, 
it was necessary to determine some initial datum values to which Equation 5.6 could be applied.
Determination o f initial values
The pile driving operation at the A47 site used a constant nominal energy (5 tonnes dropped 
from 0.5m) for the whole drive except for “toeing-in” of the first 4m, for which a 0.2m drop 
height was used. A datum value for use with Equation 5.6 was therefore taken to be a toe 
depth of 5m. Specifically, a least squares regression line was fitted to the data from pile toe 
depths of 5m or less, for which the 0.5m hammer drop height was used (Figure 5.2.2). The 
resulting regression equation relating the resultant ppv (v^  J  to the distance between the pile 
toe and the geophones (5') was then used to calculate the ppv at various horizontal offsets {d) 
for an assumed toe depth of 5m. These calculated datum ppv values and Equation 5.6 were 
used to calculate the vibration magnitude at each of the selected offsets for a number of 
different pile toe depths (Z).
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Equation 5.2 and Figure 5.2.1 show a relation between the ppv on a decibel scale, v^, being 
related to the pile toe depth, Z, by the equation;
= 0.74Z + 86.77 [5.1.1]
For each increase in Z of Im, Equation 5.1.1 shows that increases by 0.74dB. Let 
0.74dB equate to a factor of k  in the particle velocity expressed in units of mm/s (v^^).
For a depth Zj, the ppv (in dB) is
Vj = 20 log,o mmh, 1
10 -5
[5.1.2]
For an increase in the toe depth by Im, such that the toe depth is (Z^  + 1), the ppv is given 
by „ where;
^Æ ., + 0.74 = 20Iog,g
KV.mmh, 1
10
Substituting for v^ .^i from Equation 5.1.2 and rearranging yields;
log10
KVmmh, 1
10 -5
-log 10
mmh,I
login K
10
0.74
20
0.74
20
K  = 1.09
Thus, for every Im increment in toe depth, the ppv increases by 9 per cent.
[5.1.3]
[5.1.4]
[5.1.5]
[5.1.6]
Box 5.1 Rate of increase in ppv with increasing pile toe depth from data from the A47 site 
(Equation 5.6).
To replicate the use of fixed geophone positions in the field, fixed offset distances (d) were 
considered for which ppv values would be calculated. Therefore, in the simulation, the slope 
distance to each point on the ground surface from the pile toe increased as the pile was driven. 
In addition to replicating the increase in ppv with pile toe depth, it was also necessary to take 
account of the attenuation over the increase in path length from the pile toe to the fixed points 
on the ground surface for which the ppv was calculated. An appropriate attenuation rate was 
therefore required. For the different simulation models described below, two approaches were
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used. Either theoretical attenuation rates for body and surface waves were used or attenuation 
rates were determined by fitting regression lines to the field data.
Simulations
The steps used to attempt to simulate the distribution of field data which were common to all 
models were as follows.
i) Initial values of ppv in mm/s (vj j  for an assumed 5m toe depth at a range of horizontal 
distances {d) from the pile, were calculated using the regression line illustrated in 
Figure 5.2.2.
ii) The reduction in the particle velocities at each position, caused by the increased path 
length, were calculated for a number of toe depths (up to 30m). Several different travel 
paths and different rates of attenuation were considered, which are described later in 
this Section.
iii) The values of ppv calculated for each horizontal distance and toe depth, for each model, 
were converted to a decibel scale (v^ g) using Equation 5.5.
iv) By applying Equation 5.6 to the ppv values calculated in (iii), the ppv was corrected for 
the increase in ppv with increasing toe depth.
v) The Vgg values, thus determined, were converted back to ppv with units of mm/s (v^ w^ ).
vi) The calculated values were plotted against the slope distance to the pile toe and 
against the horizontal distance to the pile. The trends exhibited by the calculated ppv 
values were compared with those shown by the field data.
All the models were based on the assumption that transmission of energy takes place at the pile 
toe. The transmission paths and the attenuation rates used for the simulations are summarised 
in Table 5.2. Direct transmission paths from the pile toe to the geophone and transmissiop 
paths proposed by Nakano (1925), cited by Ewing et al (1957), which define the critical 
distance beyond which surface waves arise from a subsurface energy source, were considered. 
The attenuation rates based on field data were determined by least squares regression analyses 
of data from the A47 site.
Model 1
In the first model it was assumed that the energy was propagated as a body wave travelling 
directly from the pile toe to the point of interest. The ppv was assumed to attenuate at the 
theoretical rate for body waves in a homogeneous elastic medium of where s is the shortest 
(slope) distance from the pile toe.
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Model Transmission path Attenuation rate
1
Shortest route from 
pile toe to point of 
interest
Theoretical (body wave, 5^)
2 Indices derived from A47 field data (all toe depths)
3 Indices determined individually from A47 field 
data, for 5m increments of toe depth
4 As proposed by 
Nakano (1925); cited 
by Ewing et al (1957)
Theoretical (body wave, s' ;^ surface wave, <Z®^)
5 Indices derived from A47 field data (all toe depths)
Table 5.2 Summary of transmission paths and attenuation rates used in the simulations.
Initial ppv values (vj j  were determined for a 5m toe depth for a range of different horizontal 
distances, d. Following an increase in toe depth to a depth Z, the particle velocity (vg j  at a 
horizontal distance d  from the pile, due to the increased path length would be
where ô is the rate of attenuation (Box 5.2) and has a value of unity for this model. Values of 
ppv were calculated using Equation 5.7 for a range of values of Z and d. Derivation of 
Equation 5.7 was based on the assumption that there was no increase in the ppv with increasing 
pile toe depth (Box 5.2). The calculated values of Vg ^  were therefore subsequently corrected 
for the effect of the increasing ppv at a given distance with increasing depth, using 
Equation 5.6.
Figure 5.2.3a plots the calculated values of ppv against the slope distance from the pile toe. 
There are a number of differences between the field data (Figure 4.2.3) and the simulated 
results in Figure.5.2.3a. Firstly, the slight concave upwards trend shown in the field data for 
the greater toe depths are not reproduced by this model. Secondly, the maximum magnitude 
(that is, the ppv at the smallest horizontal distance) calculated for each toe depth tends to be 
too low for all the calculated values except those for the shallowest and deepest toe depths. 
This results in a trough in the upper bound envelope to the calculated values (marked T in 
Figure 5.2.3a) in a position where the field data show a peak (Figure 4.2.3).
Replotting the calculated ppv values against horizontal distance from the pile (Figure 5.2.3b) 
shows some similarities with the field data presented in this way (Figure 4.2.2). For horizontal 
distances greater than approximately 10m, there is approaching an order of magnitude range
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Distance, d
Depth L=
Depth L= L
At Start of full driving, pile toe is at depth L = 4 
At that depth, resultant ppv at any offset, d is v,o ^
When toe depth reaches a depth L, the 
resultant ppv at offset d is v^^
Assume that:
i) the energy transmitted to the ground is 
constant for all toe depths;
ii) the rate of attenuation is a constant rate, 5, 
irrespective of toe depth;
iii) the ppv at any slope distance, s, from the pile 
toe is V. = a.s^.
When the pile toe is at a depth of 4  ;
-5
Therefore
a = v,
When the pile toe is at any depth L, the particle velocity at a distance d is v^ ,^ and;
Therefore
^L,d -  \ d
L^,d - L^.d
5/2
[5.2.1]
Box 5.2 Derivation of the relation between resultant ppv, horizontal distance from the pile and 
the pile toe depth used in Models 1 and 2, before the inclusion of the effect of increasing ppv 
with increasing toe depth.
in the simulated data at any distance. The range of the simulated data at each horizontal 
distance reduces at distances of less than 1 Om. There is a suggestion of this in the field data 
also. Furthermore, whilst there is generally a linear trend in the simulated data beyond 10m, 
as the pile is approached a curvature is apparent. At small horizontal distances, plotting the 
calculated ppv values against horizontal distance causes the ppv calculated for the shallowest
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toe depth to plot higher than the data from some of the greater toe depths. However, a 
complete reversal in the trend exhibited at larger distances by the field data, to give a reduction 
in ppv with increasing toe depth for all toe depths, was not simulated.
Model 2
The second simulation used the same approach as Model 1, except that the rate of attenuation, 
Ô (Box 5.2) was determined from the field data from the A47 rather than using the theoretical 
value for body waves of unity. Least squares regression analysis of the whole data set from the 
A47 (Figure 5.2.5), which included data from all toe depths, plotted against the slope distance 
from the püe toe, yielded a value of ô of 1.16.
Figure 5.2.4a presents Model 2 plotted against the slope distance from the pile toe and Figure 
5.2.4b plots the calculated values against the horizontal distance from the pile. The differences 
between the plots from Model 1 (Figure 5.2.3) and those from Model 2 are slight, as might be 
expected from the similar ô values used.
Model 3
The third model used the same approach as Models 1 and 2, except that different rates of 
attenuation, ô, were assumed for the different toe depths. The attenuation rates were 
determined from linear regression analyses of the groups of data from the A47 site for pile toe 
depth ranges of 5m increments (Figure 4.2.3). The results of these analyses are presented in 
Figure 5.2.5 and Table 5.3. Model 3 uses these attenuation rates in Equation 5.8 (derived in
Pile toe depth 
(m)
Intercept, k 
(mm/s.m 'VJ ^ )^
Gradient, ô Coefficient of 
determination, (%)
Number of 
observations
<5 47.8 -1.05 93.4 30
5 to 10 211 -1.34 96.6 72
10 to 15 561 -1.50 84.5 95
15 to 20 584 -1.34 82.6 20
20 to 25 351 -1.16 77.0 55
>25 413 -1.19 72.5 35
All A47 data 181 -1.16 60.6 307
Table 5.3 Results of least squares regression analyses of the resultant ppv (v^ )^ on the distance 
from the pile toe (j-) from the A47 site, for different toe depths (L).
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Distance, d
Depth L =  /,
Depth L =  L
At Start of driving, pile toe is at depth L = 4  and 
resultant ppv at offset d is v,od
When toe depth reaches any depth L, 
resultant ppv at any offset d is v^^
Assume that:
i) the energy transmitted to the ground is constant for all 
toe depths:
ii) the rate of attenuation is different for different toe 
depths and has a value of 6^  for toe depth L;
iii) the ppv at slope distance, s, from the pile toe 
is Vlj = as
When the pile toe is at a depth of 4 , the attenuation rate is 5,q and the ppv at any offset, d is;
Therefore
a = V,
-5,
When the pile toe is at any depth L, the particle velocity at any distance d is v^ ,^ and;
Therefore
[5.3.1]
Box 5.3 Derivation of the relation between resultant ppv, distance from the pile and the pile 
toe depth assumed in Model 3, before the inclusion of the effect of increasing ppv with 
increasing toe depth.
Box 5.3) to predict the ppv for toe depths L at horizontal distances d  from the pile;
0,
[5.8]
Figure 5.2.6a presents the calculated ppv values plotted against slope distance from the pile toe. 
Model 3 was less successful than Models 1 and 2 in replicating the field data. Since the lowest
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rate of attenuation existed for the data from the smallest toe depths, the increase in the ppv with 
toe depth at all slope distances shown by the field data was not reproduced. Figure 5.2.6b 
presents Model 3 plotted against the horizontal distance from the pile. Again, the model 
provides a poor representation of the field data.
Summary o f Models 1,2 and 3
The main discrepancy between the ppv values calculated using Models 1,2 and 3 and the field 
data was that the maximum in the field data at a horizontal distance approximately equal to the 
pile toe depth was not adequately modelled. Also, none of the simulations gave rise to the 
concave upwards distribution seen in the field data when plotted against the slope distance to 
the pile toe for toe depths greater than 15m. For Models 4 and 5 a different approach was 
adopted.
Models 4 and 5
Models 1, 2 and 3 were based on the assumption that the transmission of energy from the pile 
into the ground occurs at the pile toe and propagates to the surface along a straight path to the 
point of interest. Nakano (1925), cited by Ewing et al (1957), predicted that vibration arising 
at the ground surface from a subsurface seismic source does not contain Rayleigh waves close 
to the epicentre of the source, but they first appear at a critical distance determined by the 
compressional and surface wave velocities. At distances smaller than this critical distance, 
energy incident on the ground surface is reflected back into the ground and no surface wave 
arises. The distance at which surface wave development was considered to occur is discussed 
further in Section 5.2.2.1
The propagation path assumed in Model 4 is based on the model attributed to Nakano by 
Ewing et al (1957), but it does not wholly reproduce Nakano’s distribution. It was reported 
by Ewing et al that Nakano showed that surface waves do not attain their maximum value at 
their point of first emergence, but initially build up over a short distance before decaying. Since 
the author has not been able to obtain Nakano’s paper, it has not been ascertained whether 
Nakano predicted the distance at which the maximum amplitude surface wave occurs. In the 
present study, it has been assumed that the path taken by the energy from the pile toe to the 
surface measurement position follows a direct sloping path to the point of first emergence of 
the surface waves and thereafter is constrained to travel along the surface, as illustrated in 
Box 5.4. For Models 4 and 5, the point of first appearance of the surface waves was calculated 
for the A47 site from the propagation velocities determined as described in Section 5.2.2.2, for 
which a value // (defined in Box 5.4) of 0.13 was determined.
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Distance, d
Depth L= Ig
Depth L= I2
▲
P
D,
M/.
[5.4.1]
Iq< M^o [5.4.2]
For d>[jl2 , the vibration attenuates at a  rate of To 
arrive at distance d from the pile, the surface w ave  
travels distance of (d - 1Â2), for a toe depth Ig. The ppv at 
this point (v„ is therefore;
%,M/2 %.d
[5.4.3]
Rearranging and substituting for Ve,ji2 from (5 .4 .2 ) and 
Vio,jjio from (5.4.1 ) yields the expression  for the ppv at any 
distance (d) for any toe  depth, Ig:
V, = V,
0,
0^
d/o /2,
[5.4.4]
d = Dp
After Nakano (1925), energy from a subsurface source does 
not give rise to surface waves closer than a distance defined 
by the compressional and surface wave velocities 
(Section 5.2.2).
After toeing-in the pile, the pile toe is at depth L = /<, 
A ssum e that:
i) the energy transmitted to the ground is constant for all toe  
depths;
ii) for any toe depth ( y ,  surface w aves first em erge at a 
distance pig from the pile (se e  Section 5.2.2);
iii) that the rate of attenuation is s"^ for body waves; and d^  
for surface waves.
At the start of the main driving the pile toe depth is y  The 
peak particle velocity at a point P, a distance d = Dp from 
the pile, is known from field data and has a value of v,p pp
The first em ergence of surface w aves occurs at Aq, at 
distance d = p y  where pig < Dp. The ppv at Aq, v^ , pk,, is;
W hen the pile toe has been driven further, to any depth y  
the distance travelled by the body wave (Sg) is greater than 
the distance (Sq) travelled when the toe is at a depth of y  
Body w aves attenuate as s^^, and the ppv (Vg p^ ) at the 
point o f em erg en ce  of the surface w a v es (Ag), a  distance  
of ^ 2  from the pile is given by;
At start of main driving (L = Iq)
lo.pio
àa.
lO.Dp
D istance D.p
W hen pile toe  h as reached a depth I.
Q .
I2.XI2
D istance S2
where Dp and Iq are the offset and depth for which the reference m easurem ent of the ppv, v^^p, is determ ined  
from the field data.
Box 5.4 Method of calculating the ppv at any point on the ground surface, arising from any 
pile toe depth, from a knowledge of the ppv for one depth and offset.
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Whereas Models 1, 2 and 3 were based on ppv values determined from the field data from a 
number of horizontal distances {d) for a 5m toe depth, a different approach was necessary for 
Models 4 and 5 so that the propagation paths followed by the energy propagating initially as 
body waves and then as surface waves could be incorporated. Using a single datum value of 
the ppv, arbitrarily taken from the field data for a horizontal distance 10m from the pile for a 
toe depth of 5m, the ppv was calculated for a range of toe depths and horizontal distances using 
Equation 5.4.4 (Box 5.4)
Model 4
Model 4 was based on the propagation paths illustrated in Box 5.4 and the assumption of 
theoretical attenuation rates, in terms of particle velocities, of s'^  for body waves and for 
surface waves. The results are plotted against the slope distance from the pile toe in 
Figure 5.2.7a. For horizontal distances closer to the pile than those at which the surface waves 
are predicted to first appear (distances of less than 0.132), the ppv has been calculated 
assuming a body wave arriving directly from the pile toe and attenuated as s' .^
Figure 5.2.7a shows that Model 4 introduced a concave upwards curvature to the calculated 
values of ppv when plotted against the slope distance to the pile toe. Furthermore, this 
curvature increases with increasing toe depth, as exhibited by the field data (Figure 4.2.3), but 
for shallow toe depths the curvature in the simulated data is more pronounced than that 
exhibited by the field data. The trend of increasing ppv vyith increasing toe depth is shown by 
this model for all toe depths except that the simulated data for 5m toe depth have similar 
magnitudes to those for 10m toe depths for horizontal distances greater than approximately 
20m.
Figure 5.2.7b presents the values of ppv calculated using Model 4 plotted against the horizontal 
distance from the pile. The major difference between Figure 5.2.7b and the field data presented 
in this way (Figure 4.2.2) is that the highest calculated levels of ppv occur when the pile toe 
depth is a maximum at all distances from the pile.
Model 5
Model 5 repeated the calculations undertaken for Model 4, but instead of using theoretical rates 
of attenuation, rates were determined from linear regression analyses of the field data. From 
the whole data set plotted against slope distance from the pile toe, the rate of attenuation of 
body waves was determined to be (Table 5.3). By plotting all data from the A47 site 
against the horizontal distance, an attenuation of d^ -^^  was determined by least squares 
regression analysis. This was assumed to be the rate of surface wave attenuation. This method
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of calculation provides only an approximation of the attenuation rates since straight line 
propagation paths have been assumed, rather than the paths predicted by Nakano’s work.
Figure 5.2.8a plots the simulated data calculated using Model 5 against the slope distance from 
the pile toe. Of the five models described, this yields the closest representation of the trends 
shown by the field data when the calculated values are plotted against slope distance from the 
pile toe. When plotted against horizontal distance from the pile (Figure 5.2.8b), the distribution 
of the field data for horizontal distances of less than approximately 1 Om are not well replicated 
by Model 5. The highest magnitude vibrations are predicted when the pile toe is deepest, even 
at Im horizontally from the püe. Furthermore, the maxima that are observed in the field data 
(described in Section 5.2.2.1), which occur at a distance measured along the ground surface 
which is approximately equal to the püe toe depth, are not replicated in Figure 5.2.8b. It should 
be noted that Model 5 provides only an approximation to the trends proposed by Nakano since 
Nakano is reported (Ewing et al 1957) to have predicted an increase in the magnitude of the 
surface wave for some distance away from its point of first arrival. This effect was not included 
in Model 5.
In Figure 5.2.8, the highest calculated ppv values, which are those closest to the püe, are 
somewhat greater than those measured in the field (Figure 4.2.2). In addition, when plotted 
against the slope distance from the püe toe, the field data show a sHght reduction in the ppv at 
the closest geophones to the püe when the püe toe is at a depth of 15m or greater 
(Figure 5.2.9). This gives a hooked appearance to the groups of field data from the deepest püe 
toe positions, a detaü which is not replicated by Model 5.
Summary
Some of the characteristics of the distribution of the data from the A47, presented as ppv 
plotted against either the distance from the püe toe or against the horizontal distance, can be 
modelled by a source which transmits energy into the ground at the püe toe. However, the 
behaviour close to the püe, in particular, is poorly replicated. The model based on propagation 
paths described by Nakano (1925), and using rates of attenuation approximated from field data 
(Model 5), most closely replicated the trends exhibited in the field, although closer than 10m 
horizontaUy from the point of entry of the püe into the ground Model 5 provided a poor 
representation of the field data. In particular, the local maxima which were observed in the field 
data were not reproduced and the maximum toe depth gave rise to the highest ppv, even very 
close to the püe.
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5.2.2 The distribution of vibration magnitudes close to pile driving
The models described in Section 5.2.1 reproduced some of the trends exhibited by the 
distribution of the field data (Figure 4.2.3) although the behaviour close to the pile was poorly 
modelled. Figure 5.2.9a re-presents the groups of field data from the A47 for toe depths 
greater than 15m. Figure 5.2.9a shows that, for these toe depths, the ppv does not attain its 
maximum value closest to the pile. There is a reduction in vibration magnitude as the pile is 
approached. A similar trend is also observed when the data are presented in the manner more 
commonly used for presentation of field data, ppv versus horizontal distance from the pile 
(Figure 5.2.9b). Over a short range of horizontal distances the ppv increased Avith increasing 
horizontal offset and a reversal of the trend of increasing ppv with increasing toe depth 
occurred. In Figure 4.2.1, data from close to the pile, between Im and approximately 3m 
measured horizontally, suggest that the ppv increases again as the pile is approached, although 
there are relatively few data available ivithin this region upon which to base this observation. 
Sections 5.2.2.1 and 5.2.2.2 suggest possible mechanisms which may explain these features of 
the distribution of vibration. Section 5.2.2.1 considers the causes of the local maxima which 
occur in the field data. Section 5.2.2.2 considers the region closer to the pile where the data 
suggest that the ppv increases again as the pile is approached.
Before investigation of these features of the distribution of the field data, consideration was 
given to whether the trends observed in the data were real, or whether they arose as a result of 
the data acquisition process. To make vibration measurements close to the piles at the A47 
site, the geophones positioned closest to the piling were not mounted in the natural ground, but 
were on compacted fill material which was serving as an operating platform for the pile driving 
(Figure 3.6). The different ground conditions may, therefore, have caused the different 
magnitude of vibration. However, other researchers (for example, Uromeihy 1990; Attewell 
gfn/1991; Oliver and Selby 1991) have also reported that close to percussive piling there ofren 
occurs an initial rise in the ground surface vibration magnitude, followed by a continuous decay 
with increasing horizontal distance. This suggests that the phenomenon is unlikely to be site 
specific. Furthermore, some of the field data presented by Uromeihy exhibit an initial decay in 
the vibration magnitude which precedes the increase in ppv with increasing distance up to 
where the local maximum occurs.
5.2.2.1 The source of the local maxima in vibration data
Figure 5.2.9b, which re-presents the data from Figure 5.2.9a plotted against horizontal distance, 
shows an increase in the resultant ppv with increasing distance from the pile, up to a horizontal 
distance which is approximately equal to the depth of the pile toe for èach subset of data. Selby 
(1991) and Jongmans (1996) noted that such increases only occurred for the horizontal radial 
component of vibration. These authors reported that the vertical and horizontal tangential
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components decreased with increasing distance at all horizontal distances. Figure 5.2.10 
presents the vibration data for three orthogonal components of vibration from the A47 site. 
Figure 5.2.10 shows that all components reached a local maximum, but the peak is most 
pronounced for the horizontal radial component.
The local maximum in the data has been attributed to interaction of vertically polarised shear 
waves arising from the pile shaft and compressional waves arriving at the ground surface from 
the pile toe (see for example. Mallard and Bastow 1979; Selby 1991; Jongmans 1996). This 
hypothesis is considered in the following discussion, by reference to the data from the A47 site.
Shear and surface waves, which may arise through interaction of the pile shaft with, the ground, 
travel more slowly than do compressional waves, which may arise from the pile toe. The ratio 
of the wave speeds is dependent upon the Poisson’s ratio of the soil (see, for example, Kearey 
and Brooks 1984):
' 2 ( 1 - V )
( 1 - 2 V )
[5.9]
where Cp is the compressional wave velocity of the soil;
Cj is the shear wave velocity;
V is the Poisson’s ratio.
The propagation velocity of Rayleigh waves, is related to the shear wave velocity by the 
expression:
c,=Kc^ [5.10]
where A^ is a function of the Poisson’s ratio (Richart et al 1970):
-  8A:4 + 8 3 - l - 2 v
1 - V
K'  ^+ 16 1 -2v
2 (1 - V )
-1 =  0 [5.11]
Graff (1975) reported an approximate relation between K  and v:
0.87 + 1.12VK =
1 + V
[5.12]
The closest point to the pile on the ground surface where compressional waves arising from the 
toe and surface waves from the shaft can coincide is at an offset determined by the speeds of 
propagation of the different wave modes and the distance each wave mode has travelled. The 
propagation velocities of two wave modes at the A47 site were determined from the first arrival 
times of events at each geophone and the separation of the geophones. It was not possible to 
determine the propagation velocity between the pile and the geophones because the time at 
which each event left the pile was not recorded. From the first arrival times and the geophone
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separations the main vibration event recorded at each geophone was determmed to have a 
propagation velocity of approximately 220m/s. For the purposes of Models 4 and 5 
(Section 5.2.1) this was assumed to be the surface wave propagation velocity. In addition to 
the main arrivals, there was also observed to be higher frequency events associated with each 
hammer impact. These high frequency events are described further in Section 5.2.2.2. The 
propagation velocity of these high frequency events, also determined from first arrival times, 
was approximately 1650m/s. This velocity is higher than would be expected for surface or 
shear waves and has therefore been assumed to be the compressional wave velocity.
The point of superposition of waves from the püe toe, which have a propagation velocity of 
1650m/s, and those frôm the shafl; propagating at 220m/s, would occur at a horizontal distance 
of 0.132 from the püe, where L is the püe toe depth (Box 5.6). This is closer to the püe than 
the location of the maxima observed in the field data. The maxima in the field data occurred 
at a horizontal distance from the püe which, although not clearly defined because of the 
geophone spacings used, was approximately equal to, but perhaps slightly less than, the püe toe 
depth (Figure 5.2.9). The discrepancy between the observed distances at which the maxima 
occur and those predicted on the assumption of superposition of surface and body waves, may 
indicate that the distribution of ppvs is not adequately explained by superposition of separate 
waves arising from the püe shaft and the toe. However, it should be noted that the propagation 
velocities have been determined for the site as a whole and may not accurately reflect the 
characteristics of the stratigraphy. Further investigation to attempt to identify the cause of the 
local maxima was undertaken.
Changes in ppv distribution with pile toe depth
An alternative interpretation of the observed local maxima in the data is not that the maxima 
represent an anomalously high subset of the data, but that the vibration magnitude closer to the 
püe than the maxima is lower than that expected from the more distant data. To investigate this 
suggestion. Figure 5.2.11 presents the components and true resultant ppv for four different püe 
toe depths at the A47 site, plotted against horizontal distance from the püe. The peak in the 
ppv-distance data becomes more pronounced as the pile toe depth increases. Figure 5.2.12 
presents the same data as Figure 5.2.11, plotted against the slope distance from the püe toe. 
Figures 5.2.11 and 5.2.12 indicate that the maxima in the data did not arise as a function of the 
plotting method. Figure 5.2.13 re-presents the data from the previous two Figures from offsets 
of 9.7m and 23.5m plotted against the depth of the pile toe.
In Figure 5.2.11 and Figure 5.2.12, when the püe toe was at a depth of 12m the attenuation of 
ppv with increasing distance is continuous for aU components of vibration. As driving 
progressed, the ppv recorded at the second geophone position (23.5m offset) and beyond 
increased slightly. This is shown in Figure 5.2.13b. A greater change occurred at the closest
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Distance, d
Velocity, c.
Surface waves
Velocity, c_
Depth L
Distance, s
Pile toe is at depth L.
Compressional waves from the pile toe 
propagate with a velocity Cp 
Surface waves generated by the pile shaft 
propagate with a velocity c^
Consider the case where surface and body 
waves arrive simultaneously at P, a distance 
along the ground surface of d from the pile shaft 
and a distance s from the pile toe.
/  Compressional waves
Compressional waves from the pile toe arrive at P after a time tp: 
Surface waves from the pile shaft arrive at P after a time
Surface and body waves coincide when tp=f. Therefore:
d = ^ s
And since
s =\fd^~ny
The critical distance (d) at which surface and compressional waves coincide from a pile of toe depth 
L is:
d  = L [5.6.1]
Box 5.6 Calculation of the distance at which compressional waves from a pile toe and 
surface waves generated by the pile shaft would coincide.
geophone (9.7m offset) where a decrease in the magnitude of vibration was recorded as the 
toe depth increased (Figure 5.2.13a). This observation suggests that the vibration maximum 
in the ppv-distance plots occurs not because of a high level of vibration at the second geophone 
position, but because a low level of vibration occurred closer to the pile.
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The horizontal radial component, in particular, dictated the changes in vibration magnitude, 
decreasing rapidly at a distance of 9.7m as the pile vyas driven. At 23.5m, the horizontal radial 
component follows a similar trend to the resultant ppv. This observation is similar to that made 
by Selby (1991) and Jongmans (1996) who reported that the ppv maxima only occurred in the 
horizontal radial component. It is therefore not necessary to have constructive superposition 
of two waves, as proposed elsewhere, to explain the observed distribution of peak particle 
velocities.
To attempt to verify that superposition of two waveforms was not the cause of the maxima, 
individual time histories were inspected. If superposition of two separate events from the shaft 
and the toe did give rise to the observed maxima, then at distances less than those where the 
maximum ppv occurred, two distinct vibration events may be visible. The two arrivals would 
be separated by the greatest time interval at the geophone closest to the pile when the pile toe 
was deepest. Figure 5.2.14a presents vertical component time histories from three distances 
at the start of the main drive of a pile at the A47 site. These time histories show the arrival of 
a relatively small event approximately half a second before the main arrival. The time histories 
in Figure 5.2.14a are from impacts at the start of full driving, after toeing in, when the pile toe 
was at 4m below ground level. These traces are presented to demonstrate that the smaller of 
the events associated with each blow indicated on Figure 5.2.14a arrived ahead of the larger 
event. If the smaller event was a compressional wave from the pile toe and the larger event was 
a surface wave from the pile shaft, then when the pile toe had passed a critical depth, the 
surface wave would arrive ahead of the compressional wave.
Compressional waves at the A47 site were estimated to travel at 1650m/s and surface (or shear) 
waves at 220m/s. For these propagation velocities. Equation 5.6.1 (Box 5.6) predicts that 
compressional waves would arrive after the surface wave at a horizontal distance equal to 
0.132, where 2 is the pile toe depth. Therefore, for the geophone at an offset of Im, the 
sequence in which the two modes arrived would be expected to reverse as the pile was driven. 
Figure 5.2.14b illustrates the time histories when the pile was frilly driven which show that the 
small event continued to arrive ahead of the main event throughout driving. The time histories 
presented in Figure 5.2.14b therefore do not provide any evidence that the local maxima arose 
through the superposition of different waves arriving from the shaft and the toe.
The field data presented in Figures 5.2.11 to 5.2.13, combined with the evidence from the time 
histories in Figure 5.2.14 suggest that the maximum in the data did not arise because there 
existed an anomalously high magnitude vibration at the maximum. It is evident that a relatively 
quiescent zone exists in the vicinity of the pile, the reasons for the existence of which are 
considered below.
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Emergence o f surface waves from a subsurface source
The field data firom the A47 site, in particular Figures 5.2.11 to 5.2.13, illustrate the existence 
of a quiescent zone close to percussively driven piles. Within this quiescent zone the vibration 
magnitude was smaller than that which would be expected by extrapolation of data from 
beyond the local maxima. The quiescent zone may be explained by the findings of Nakano 
(1925), cited by Ewing et al (1957), who considered the ground surface distribution of 
vibration arising from a subsurface seismic source. Nakano is reported to have determined that 
Rayleigh waves do not occur close to the epicentre of the source, but first appear at a 
horizontal distance {d) from the epicentre, given by;
“ -------------  [5.13]
where L is the depth of the source;
Cj. is the Rayleigh wave propagation velocity; and
Cp is the compressional wave propagation velocity.
Equation 5.13 is the same expression as that derived in Box 5.6 (Equation 5.6.1) for the 
distance at which surface waves from a pile shaft and compressional waves from a pile toe 
would arrive coincidentally at the ground surface. Unfortunately Nakano’s paper was not 
available for the author to ascertain the derivation of Equation 5.13 and hence determine the 
basis of the commonality. For the estimated wave velocities at the A47 site of approximately 
220m/s for surface waves and 1650m/s for body waves. Equation 5.13 predicts that surface 
waves would not occur within a radius equal to 0.13 of the pile toe depth.
It was noted earlier in this Section that the maxima in the A47 field data occurred at a distance 
greater than 0.132, where 2 is the pile toe depth. Nakano (1925) is attributed with determining 
the critical distance for the first appearance of surface waves according to Equation 5.13. 
However, Ewing eta l(l 957) reported that Nakano considered that surface waves do not attain 
their maximum amplitude at this critical distance because of interference with other wave 
modes. It may be inferred, therefore, that Nakano expected the surface wave amplitude to 
increase for some distance beyond the critical distance, to reach its maximum beyond the point 
of first emergence and then to decay as the distance increased further. This could account for 
the observed distribution of vibration magnitudes at the A47 site. In the quiescent zone, 
between the pile and the maximum, no surface waves occur. At the critical distance defined 
by Equation 5.13 the first emergence of surface waves occurs, and the amplitude of these waves 
increases over a few metres, up to the position of the local maximum. Beyond the maximum, 
attenuation effects dominate and the vibration magnitude decreases.
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Mode conversion o f shear waves incident on the ground surface
A further possible way in which an increase in the monotonie decay of vibration magnitudes 
may be interrupted by the presence of the local maximum may be through the mode conversion 
of shear waves incident upon the ground surface. Pekeris and Lifson (1957) and Mooney 
(1974) noted that reflection of shear waves which are incident upon the ground surface, gives 
rise to reflected shear and, through mode conversion, compressional waves. The compressional 
waves are directed at an angle to the normal to the ground surface which is greater than the 
angle of reflection of the shear wave (Box 5.7). When the angle at which the shear wave is 
incident upon the ground surface reaches a critical value, the resulting compressional wave is 
constrained to travel along the ground surface. This critical distance from the epicentre of the 
source at which this occurs is dependent upon the ratio of the compressional and shear wave 
velocities (Equation 5.7.1; Box 5.7).
If the shear wave and surface wave propagation velocities are considered to be approximately 
equal, the critical distance calculated as proposed by Pekeris and Lifson (1957) is the same as 
that at which Ewing et al (1957) reported that Nakano predicted the first appearance of 
Rayleigh waves.
Particle trajectories
At the A47 site, if surface waves arose at a distance of 0.132 from the pile, then they would 
have been recorded on all but the closest geophone to the pile. Surface waves would not be 
expected to be present on the records from the geophone at an offset of Im when the pile toe 
depth exceeded 7.7m. The wave motions may be different at the locations where surface waves 
occur to those where surface waves are not expected to develop. This was investigated by 
plotting the particle trajectories for several stages of a pile drive.
The velocity data acquired from the geophones were integrated to yield particle displacements 
from which the trajectories were plotted. Particle trajectories for displacements in the vertical 
plane containing the horizontal radial component of vibration are illustrated in Figure 5.2.15 
for four different stages of driving. The actual depth of the pile toe for which the trajectories 
are presented is unknown because the toe depth was not recorded during driving of this pile but 
it is known that the data Were acquired when the pile toe depth was between 4m and 13m. 
These data have been used because they are the only data acquired at sufiBciently close range 
to be within the distance where surface waves are not expected to occur. Figure 5.2.15a 
illustrates the particle trajectories from the geophone located Im horizontally from the pile.
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Distance, d
Depth, L
Shear waves generated at the pile toe propagate with a velocity Cg. On arrival at the ground 
surface they are reflected as shear vjaves and, through mode conversion, compressional waves 
arise. The shear waves propagate with a lower velocity (Cg) than the compressional waves (velocity 
Cp). The angle at which the compressional waves emerge is therefore 9p, which is greater than the 
angle of incidence and reflection of the shear waves (0).
There exists a critical angle of incidence 0=0o for which 0p has a value of 90°, causing the 
compressional wave to be constrained to travel along and just beneath the ground surface. The 
value of 0 0  is defined by the propagation velocities:
sin0Q _ Cg
sin 90° Cp
Therefore, the critical distance (do) at which the shear wave from a pile toe depth L gives rise to a 
compressional wave constrained to travel parallel to the ground surface is given by:
cIq -  L
lo l-o l
[5.7.1]
Box 5.7 The distance at which compressional waves are critically reflected to give rise to 
surface waves constrained to travel parallel to the ground surface.
Arrow heads on the trajectories indicate the direction of particle motion. Although the four 
trajectories are not identical, the particle motions are essentially similar, being in each case a 
recumbent clockwise motion, as plotted (it is not known whether the motion was pro grade or 
retrograde because the polarity of the horizontal geophones was not recorded at this site). At 
the start of driving the geophone for which the trajectories are illustrated in Figure 5.2.15 was 
at a distance beyond which Equation 5.13 predicted surface waves to emerge. As the depth of 
the toe increased, this critical offset moved to beyond the geophone. Although the particle 
trajectories changed as piling progressed, no evidence for a change in the type of waveform 
exists.
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Figure 5.2.16 presents a sequence of particle trajectories for a more distant geophone array, for 
similar stages of driving as those in Figure 5.2.15. Comparing Figure 5.2.15 with Figure 5.2.16 
demonstrates that the particle trajectories Im horizontally from the pile undergo less change 
over the duration of the drive than do those recorded at the greater horizontal distance. In 
particular, the ratio of vertical to horizontal displacement remains approximately constant at 
the closer geophone (Figure 5.2.15) whereas the ratio decreases to less than unity at the more 
distant geophone (Figure 5.2.16). This may indicate that different mechanisms gave rise to the 
vibration recorded at Im than those occurring fiirther away from the pile.
Summary
The data from the A47 site exhibited a maximum in the distribution of ppv with distance 
measured along the ground surface, at a distance from the pile approximately equal to the depth 
of the pile toe. This maximum has been reported previously and has been considered to arise 
through the superposition of different wave modes at the location of the maximum (for example 
Selby 1991; Jongmans 1996). It is suggested here that such maxima exist not through the 
occurrence an anomalously high ppv, but because a relatively quiescent zone exists closer to 
the pile than the maxima. The extent of the quiescent zone, that is, the distance from the pile 
to the maximum, increases with increasing toe depth. The development of surface waves 
arising from a subsurface source, as predicted by Nakano (1925; see Ewing et al 1957), may 
explain this distribution of vibration. A contribution may also arise from mode conversion of 
shear waves incident upon the ground surface (Pekeris and Lifson 1957; Mooney 1974).
The maximum vibration arising from percussive piling, which occurs some way from the pile, 
appears to be caused by the combined effects of the reduction in ppv doge to the pile which 
occurs as the pile is driven; the increase in energy transmitted into the ground which occurs as 
driving resistance increases; the development of surface waves from a subsurface source; and 
mode conversion of shear waves at the ground surface.
5.2.2.2 Vibration magnitudes very close to percussive piling
Section 5.2.2.1 demonstrated that during percussive piling there exists a relatively quiescent 
zone closer to the pile than the distance at which the maximum ppv occurs. Moving even 
closer to the pile. Figure 5.2.17 presents data from the A47 site which includes only those data 
files which contain data from within the region extending from Im to 3m radially from the pile. 
Mfithin a region extending to approximately 3m from the point at which the pile entered the 
ground surface, the data showed an increase in ppv as the pile was approached. Data were 
only available within this range of distances from the A47 and for driving the first 13m long 
sections of the piles. Further data from close to the pile were presented by Uromeihy (1990).
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These data exhibited the trends shown by the A47 data. Possible explanations for these trends 
are considered below.
Dimensions o f the vibration source
New (1984) described the cavity formed by blasting works within which deformations are 
dominated by anelastic behaviour. New stated that it was elastic deformation beyond this 
comminuted cavity which gave rise to groundbome vibration. For piling works, a number of 
authors have described a process which may have a similar effect on the ground vibration to the 
anelastic cavity described by New. Zeevaert (1950) described a plastically deformed zone 
around the pile, with elastic deformations taking place only at greater distances. For the 
example of piling in soft clay proposed by Zeevaert, an annular plastic zone extended from the 
pile-soil interface to a distance equal to the diameter of the pile. The extent of the anelastic 
zone defines a distance from the püe at which the ppv can no longer foUow the attenuation 
curve determined from data within the zone of elastic deformation. Poulos and Davies (1980) 
cited the work of de Mello (1969) which showed that permanent ground deformations in clays 
occurred at distances of up to two püe diameters from the püe-soü interface. Robinsky and 
Môrrison (1964) reported that in loose sands, soü movement occurred at up to four püe 
diameters from the side of the püe and up to 5.5 diameters in medium dense sand. 
Kishida (1967) reported that the diameter of the compacted zone around püe driving in sands 
extended to seven püe diameters.
Since ground vibration arises through propagation of elastic waves, it would not be expected 
that vibration predictors would be applicable within the zone where anelastic deformations 
occur. For steel H-pües, with transverse dimensions of up to typicaUy 0.3 to 0.4m, the 
predictors might be expected to be inappropriate within 1 to 2m from the edge of a püe. No 
measurements were made during the current research to determine the extent of the zone of 
anelastic deformation around the pües.
High frequency events
Inspection of time histories from the A47 revealed that, in addition to the main vibration event 
caused by each hammer blow, there were also high frequency vibration events which 
propagated through the ground at a higher velocity than the main, lower frequency event. 
Remote from the püe the amplitude of these high frequency arrivals was typicaUy an order of 
magnitude less than the main vibration event. However, the high frequency arrivals assumed 
greater significance at the A47 site within a zone extending to approximately 3m horizontaUy 
from the püe. An example of time histories containing these high frequencies is presented in 
Figure 5.2.18. Figure 5.2.18a presents the raw signal. Figure 5.2.18b shows the same signal 
foUowing the application of a high pass filter to remove the energy at frequencies below 40Hz.
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Figure 5.2.19 shows a further example where the high frequency event can be seen 
superimposed on the main event.
The significance of the high frequency vibrations was greatest close to the pile for two reasons. 
Firstly, within the first few metres, the arrival of the high frequencies coincided with the main 
arrival, on which the higb frequency events were superposed (Figure 5.2.19). Superposition 
resulted in an increase in the overall amplitude of the vibration. The two waveforms were 
coincident only within a few metres of the pile because the propagation velocity of the high 
frequency events was greater than that of the main surface wave events. At larger distances, 
the greater propagation velocity of the high frequency events caused them to arrive ahead of 
the slower main event.
The second reason that the high frequency vibrations assumed significance close to the pile was 
that, close to the pile, the high frequency events were of a similar magnitude to the main 
vibration events. The magnitude of the mam vibration event increased for some distance from 
the pile, as described in Section 5.2.2.1 (see Figure 4.2.2). Figure 5.2.20 presents ppv data 
following the application of a 40Hz high pass filter, plotted against horizontal distance from the 
pile. Figure 5.2.20 shows that the magnitude of the high frequency events attenuated at all 
distances. Although the attenuation of the high frequency vibrations was not monotonie, the 
local maximum which occurred in the unfiltered data (Figure 4.2.2) was not present in the high 
frequency data. The magnitude of the high frequency events decreased at aU distances, whereas 
the unfiltered data exhibited an increase up to where the local maxima occurred. Therefore, the 
ratio of the magnitude of the high frequency vibrations to the magnitude of the main vibration 
event decreased rapidly with increasing distance from the pile, particularly up to the distance 
where the local maximum occurred.
The origin o f the high frequency vibrations
High frequency events similar to those observed in the current study have been observed 
previously by Hiller and Crabb (1990), who proposed that a possible source could be 
reverberation of a stress pulse along the length of the pile. An alternative explanation proposed 
here may be that the pile underwent a period of damped vertical oscillation as a result of elastic 
recovery of the soil at the pile toe once anelastic deformation had ceased.
The dominant frequency of the high frequency vibrations recorded at the A47 site was variable, 
ranging between approximately 100 and 200Hz. The piles at the A47 were driven in two 
sections. Initially, a length of 13m was driven. A fiirther 15m length was then welded on to 
this before the driving was completed. The high frequency events occurred within a similar 
range of frequencies for both pile lengths, being between 99 and 198Hz for the shorter lengths 
and from 103 to 190Hz for the full pile length. High frequency events were also recorded at
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other impact piling sites. On two of these sites, the A13 in Essex and at the Dee Crossing, 
square section precast concrete piles were driven. The lengths of the piles on these sites were 
24m and 8m, respectively. The observed frequencies were typically 90Hz for the shorter piles 
and 190Hz for the longer piles.
If the source of the high frequency vibrations had been reverberation of a stress pulse along the 
pile, a short pile would be expected to give rise to higher frequencies than would a longer pile 
of the same material. Similarly, if elastic recovery of the soil at the pile toe was the origin of 
the vibrations, then lower frequencies would be expected from a more massive (je longer) pile 
than from a shorter and therefore lighter pile. Since the frequency was not observed to be 
related to the pile length, and therefore not related to the mass of the piles, neither of these 
mechanisms provides a satisfactory explanation for the origin of the high frequency vibrations.
It has not been possible to establish the origin of the high frequency vibration events during the 
current research. The frequency of the vibrations appears to be unrelated to the pile length. 
A possible cause of the high frequencies may relate to the duration of the hammer impact, 
although this has not been investigated during the current research. Further experimental work, 
including direct measurement of the behaviour of a pile during impact driving may help to 
resolve this issue.
The principal, low frequency, vibration
Figure 5.2.21 presents field data from the A47, following the application of a 40Hz low pass 
filter which removed the energy contributed to the overall vibration by the high frequency 
events. Although the superposition of the high frequencies accounted for a part of the increase 
in ppv close to the pile, where the high and low frequencies were coincident. Figure 5.2.21 
shows that the magnitude of the low frequency vibration also increased close to the pile. 
Having filtered the energy at high frequencies from the signals, the ppv increased as the pile is 
approached at the closest two geophones, as was the case for the unfiltered data (Figure 4.2.2). 
A possible explanation for this is as follows.
Figure 5.2.10 presented the A47 field data as individual components of vibration plotted against 
the horizontal distance from the pile. In contrast to the behaviour at larger distances, at a 
horizontal distance of Im, the magnitude of the vertical vibration component exceeded that of 
both of the horizontal components throughout driving. Furthermore, particle trajectories 
presented in Figure 5.2.15 showed that, at an ofiset of Im from the pile, a broadly similar 
shaped trajectory existed throughout the drive. At greater distances, the relative magnitudes 
of the vibration components changed as the pile was driven, causing the particle trajectories to 
change as the toe depth increased (Figure 5.2.16). The ground motion Im from the pile may 
have been dominated by the arrival and reflection at the ground surface of compressional waves
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from the pile toe. At greater horizontal distances, the greater angle of incidence of the wave 
arriving from the pile toe may cause surface waves and other phases arising through mode 
conversion to be present (Pekeris and Lifson 1957; Mooney 1974). These processes may 
change the shape of the resulting waveform, and consequently the ppv, as the toe depth and 
therefore the angle of incidence of the arriving waves, changed.
Summary
The distribution of magnitudes of groundbome vibration at the ground surface at a distance of 
up to a few metres (~3m) from percussively driven piles is complex. From the analysis and 
interpretation of the data acquired during the current study, supported by evidence from the 
literature, it is suggested that the distribution arises through a combination of:
i) the propagation of elastic waves and anelastic deformation of the soil close to the pile;
ii) the development of surface waves;
iü) the occurrence of high frequency vibration events which travel with a higher velocity
than the main, lower frequency, vibration.
The analysis and interpretation of the distribution of ground surface vibration magnitudes 
presented here is based on a limited data set and is therefore suggested tentatively. The 
interpretation focussed largely on the data from the A47 since the other sites investigated 
during the current research did not yield data from such close distances as those from the A47. 
However, data from many of the sites reported by Uromeihy support the observations made. 
Two examples of Uromeihy's data are reproduced m Figure 5.2.22. These data show a high 
level of vibration at the closest data point, followed by a decrease and then a rise to a local 
maximum followed by further attenuation.
5.2.3 Conclusions
Figure 5.2.23 presents a schematic representation summarising the distribution of vibration data 
from percussive piling which has been interpreted from the current study. There are four 
principle features to the proposed distribution. Close to the pile at (D (refer to Figure 5.2.23) 
a high level of vibration arises. When plotted against the horizontal distance from the pile, the 
ppv in this zone decreases with increasing pile toe depth.
Moving away from the pile the vibration magnitude decreases until a minimum occurs at (D, 
after which there is an increase in magnitude until a local maximum is reached at ®. After the 
local maximum the vibration decreases with increasing distance (®) but increases at any 
distance with increasing pile toe depth. It is proposed that this distribution of ground surface 
vibration magnitudes arises through a combination of the following effects.
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i) The pile toe, which is the location at which most energy is transmitted into the ground, 
becomes increasingly remote from the ground surface as the pile is driven, but the effect 
of the increasing distance to the source caused by the increasing toe depth diminishes 
with increasing distance from the pile.
ii) The amount of energy transmitted into the ground, which causes groundbome vibration, 
increases as the depth of the pile toe increases.
iii) The processes of Rayleigh wave generation proposed by Nakano (1925; cited by Ewing 
et al 1957) prevent generation of surface waves within a small radius around the pile, 
the extent of which is determined by the compressive and surface wave propagation 
velocities.
iv) Mode conversion of shear waves incident on the ground surface gives rise to 
compressional waves which are constrained to propagate parallel to the ground surface.
v) The superposition of high frequency vibrations on the principal low frequency 
disturbance increases the overall vibration magnitude within a few metres of the pile.
No evidence has been found to support the suggestion made by other authors (Selby 1991; 
Jongmans 1996) that the local maximum is a product of the superposition of separate 
waveforms arising from the pile toe and from the shaft. The evidence identified in the current 
study suggests that the maximum in the vibration occurs not because of an anomalously high 
magnitude vibration at the location where the local maximum occurs, but because the vibration 
decreases closer to the pile.
Within a horizontal radius of only a few metres, there occurs a superposition of the main low 
frequency vibration and high frequency events. The significance of this superposition 
diminishes rapidly with increasing distance because, although the magnitude of the main 
vibration event increases over a short distance moving away from the pile, the magnitude of the 
high frequency event continuously decreases. In addition, the propagation velocity of the high 
frequency events is highér than that of the main event so the two wave types coincide only very 
close to the pile, beyond which the high frequency events arrive before the main event. The 
origin of the high frequencies has not been identified in the current study.
The size of the source of vibration becomes significant at small distances from the pile. 
Truncation of the attenuation curve at a distance which equates to the dimensions of the 
boundary between the zones of anelastic and elastic deformation may eliminate the over 
prediction of vibration close to the source and yield an improved representation of the 
distribution of field data. No data were acquired during the current study to verify the effect 
of the anelastic zone around the pile on the ground surface vibration magnitude.
Further studies which yield detailed time history data from within a radius of a few metres from 
the pile, would be valuable for verifying the interpretation presented in this Section. In
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addition, direct measurements of the dynamic behaviour of the pile during driving would 
probably resolve many of the uncertainties which have arisen during the interpretation, 
particularly the source of the high frequencies.
The analysis and interpretation of vibration from percussive piling presented in this Section have 
centred largely on the data from the A47 site. Fewer data were available from the other sites 
studied and the range of distances at each site was less than that at the A47, but generally 
similar trends in the data were exhibited. Figure 4.2.8 presented examples from the A13 and 
Dee Crossing sites which show an increase in ppv with increasing toe depth. There is also a 
suggestion of a local maximum in the data from the Dee Crossing (Figure 4.2.8b). However, 
no data were acquired from sulBBciently close to the pile at other sites to verify that the trends 
exhibited by the data from the A47 site are common to aU sites.
5.3 VIBRATORY PILING
It was concluded in Section 4.3 that during vibratory pile driving, groundbome vibration arises 
mainly through energy transferred to the ground by the pile shaft, and that there is little 
contribution from the pile toe. Section 5.3.1 considers how the location of the source of energy 
transmission during vibratory piling determines the distribution of ground surface vibration 
magnitudes. It is shown that the distribution of ground surface vibration is less complex than 
that observed to arise from percussive püing (Section 5.2). The source of the transient 
vibrations which occur at the start-up and mn-down of vibrodrivers and their influence on 
vibration attenuation are described m Section 5.3.2.
5.3.1 The influence of the location of the source of groundbome vibration
Section 4.3 concluded that energy is transferred to the ground from the pile shaft during 
vibrodriving. The vibration source may therefore be approximated by a vertically oriented, 
cylindrical source. Such a source would generate wavefronts which, in a homogeneous half 
space, would be cylindrical if the whole length of the pile shaft in the ground acted as a 
coherent source. The energy should therefore attenuate in inverse proportion to the horizontal 
distance from the pile (Figure 5.3.1) and would plot as a straight line on logarithmic axes of ppv 
against the distance measured along the ground surface.
Figure 5.3.2 presents data from all vibratory driven piling sites studied during the current 
research. In Figure 5.3.2a the data are plotted as resultant ppv against horizontal distance from 
the püe. The data exhibit a linear trend on a logarithmic plot for the whole range of distances 
at which data were acquired (less than Im to more than 100m). For those data for which the 
püe toe was known. Figure 5.3.2b presents the data plotted against the slope distance to the 
püe toe. Table 5.4 presents the results of least squares regression analyses undertaken to fit
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Site Distance 
parameter, b
Least squares 
regression power 
law = ab
CoefiQcient of 
determination (R ;^ %) 
(and number of 
observations)a Ô
Second Severn Slope, s 23.9 0.86 60.8 (120)
Crossing Horizontal, d 20.5 0.83 64.7 (120)
Dee Crossing Slope, s 275 1.50 59.5 (48)
Horizontal, d 203 1.40 67.3 (80)
Derby Southern Slope, s 39.5 ' 1.28 73.6 (208)
bypass Horizontal, d 34.3 1.24 73.7 (208)
A ll Slope, s 25.8 1.18 48.6 (164)
Horizontal, d 21.2 1.13 48.7 (179)
Table 5.4 Results of regression analyses of vibrodriving field data relating resultant ppv, 
(mm/s) and the distance (m) measured horizontally {d) and fi-om the pile toe (f).
power laws to the data in Figure 5.3,2. These results show that plotting the data from vibratory 
piling against slope distance yielded no improvement in the correlation when compared with 
the data plotted against the horizontal distance. This tends to support the conclusion of 
Section 4.3 that the energy is not transmitted to the ground at the toe. However, few data were 
available from the current study from small horizontal distances from the pile. In addition, the 
piles driven by vibratory methods were short in relation to the distances from the pile at which 
the data were acquired. Hence, for the data for which the slope distance to the pile toe could 
be calculated, the slope distance and the horizontal distance are very similar. Therefore, little 
difference in the correlations would be expected.
The limited amount of data from the current study which could be used to investigate the 
attenuation characteristics close to the pile for which the pile toe depth was knovm prompted 
further evidence to be sought from the literature. Figure 5.3.3  ^ presents an illustration 
reproduced from Oliver and Selby (1991), which compares vibration data from close to the pile 
during vibrodriving with data from percussive piling. The data from vibrodriving exhibit a 
smooth attenuation over distances from 2m to 16m, whereas the distribution of data from 
percussive pihng is more complex. The different distribution of vibration magnitudes from 
percussive and vibratory piling may be caused by the different sources of vibration in each case: 
the shaft for vibrodriving and the toe for percussive piling. However, the different vibration 
distribution may also be affected by the depth to which the pile is driven. The length of the 
percussively driven pile in the example presented in Figure 5.3.3 was much greater than the 
length of the vibratory driven pile. Figure 5.2.12 showed that for percussive piles the 
attenuation curve only became complex when the toe depth exceeded approximately 12m. This
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depth is intermediate between the toe depths for which the field data from percussive and 
vibratory driven piles are presented in Figure 5.3.3.
Figure 4.3.1 presented the combined data sets from the current research and from Uromeihy 
(1990). Many of the data from Uromeihy (1990) were acquired at distances of less than 20m 
from the pile. When plotted against the horizontal distance from the pile, as the data were 
presented in Figure 4.3.1, the data exhibited a uniform rate of attenuation over the range of 
distances reported. Figure 5.3.4 presents examples of individual data sets from some of the 
longest vibratory piles reported by Uromeihy. Although the attenuation curve was reasonably 
uniform for the shallow toe depths for the examples presented in Figure 5.3.4, at the closest 
geophone to the pile in each case the ppv decreased, relative to the ppv at the second 
geophone, as the length of the pile in the ground increased. This is similar to the effect 
observed for percussive piling (Figure 5.2.12).
Figure 5.3.5 shows the range of lengths of vibratory piles from which data were acquired in this 
study and by Uromeihy (1990). If the local maxima observed in the vibration data from 
percussive piling could only occur when the vibration source was at a depth in excess of 12 to 
15m, most of the vibratory driven piles were too short to be able to give rise to this effect.
It is concluded that, although it is the pile shaft which is the dominant source of vibration during 
vibratory püing, the whole shaft is unhkely to give rise to groundbome vibration at any 
particular time. The location on the shaft which provides the main source of vibration may 
change throughout a püe drive. However, most resistance to driving may be expected in the 
least disturbed ground. The disturbance wül commonly be least at the püe toe, since this 
ground has been exposed to least vibration. The amount of disturbance wül generaUy increase 
towards the ground surface and therefore the main source of vibration may be close to the püe 
toe. Vibratory pües often give rise to less complex distributions of vibration at the ground 
surface than do percussively driven pües. In addition to the difference in the shape of the 
source for the two driving methods, this may arise partiaUy because vibratory driven pües are 
commonly shorter than percussively driven pües, so the vibration source is closer to the ground 
surface during vibrodriving. Percussively driven pües did not generate a distribution of 
vibration in which a local maximum arose untü they were driven to a depth of more than 12 to 
15m. Vibratory driven pües began to develop a similar distribution of ground surface vibration 
magnitudes in the few cases for which data are available for vibratory pües driven to such 
depths.
5.3.2 The attenuation of vibration arising during start up and run down
During the start up and run down of vibrodrivers, the frequency of rotation of the system of 
eccentricaUy loaded weights and therefore the frequency of the groundbome vibration
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generated, undergoes continual change as the system accelerates to, or decelerates from, the 
steady state operating frequency. During these transient stages, levels of groundbome vibration 
which are higher than those caused by steady state operation can occur. This effect has been 
reported by previous workers (O’Neill 1971; Holmberg et al 1984; Massarsch 1992). O’Neill 
observed that the peak amplitude of vibration occurred at different frequencies at two different 
sites. This was attributed to the different ground conditions on the two sites. O’Neill reported 
that, on a sandy clay site, the frequency of the peak amplitude was 20Hz whereas on a soft 
saturated silt site, the peak amplitude occurred at 15Hz. It was not stated by O’Neill whether 
the pile type and driver were the same at both sites. This Section considers the factors which 
affect the frequency at which the peak vibration occurs during the start up and run down of 
vibrodrivers and the influence that the changing frequency has on the rate of attenuation.
The presence of large amplitude vibrations of vibratory piling plant during start up and run 
dovm has stimulated some manufacturers to develop vibrodrivers which can operate in such a 
way that generation of vibration during these transient stages of operation is minimised 
(Section 3.3.2.5). This operating mode is called resonance free operation (Intemational 
Constmction Equipment, undated). The Radstock site (Section 3.3.2.5) presented an 
opportunity to measure vibration from a vibrodriver (the ICE 14RF vibrodriver) which could 
be operated in conventional or resonance free modes. In addition, a different vibrodriver and 
an impact hammer were used at this site. Data acquired from these different drivers has enabled 
investigation of the transients.
Figure 5.3.6 presents examples of time histories which show the variation of ppv during start 
up, steady state operation and run down at different distances from the ICE 14RF vibrodriver 
operated in resonance free and conventional modes. The magnitude of vibration during the 
transient periods of operation are only slightly greater than the steady state vibration magnitude 
very close to the pile. This suggests that there is little additional energy transmitted into the 
ground during the transient periods. The magnitude of the vibration during the transient 
periods increases in relation to the steady state vibration as the offset distance increases. 
Figure 5.3.7 presents the ppv plotted against horizontal distance for resonance free and 
conventional operation. This shows that the rate of attenuation is generally lower for the 
vibration arising during the transient phases than for the vibration arising from steady state 
operation. Since the ground acts as a band pass filter (Section 2.4.1), the rate of attenuation 
of vibration would be expected to change as the frequency of the generated vibration changed 
during the start-run-stop cycle of operation.
At the Radstock site, two vibrodrivers and a percussive hammer were operated 
(Section 3.3.2.5). Vibration data from these plant enabled investigation of whether the 
frequency at which the peak energy occurred was dependent on the ground conditions or on 
the pile and driver system. Groundbome vibrations arising from percussive sources propagate
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at the characteristic frequency of the ground. The characteristic frequency of the ground can 
therefore be determined by spectral analysis of vibration signals from an impact hammer. 
Typical spectra showing the frequency content of groundbome vibration from the hammer used 
at Radstock are illustrated in Figure 5.3.8. The frequencies at which the peak energy occurred 
at various offsets are presented in Table 5.5. The average frequency was approximately 1 IHz: 
this represents the characteristic frequency of the ground at this site.
Figure 5.3.9 shows the change in frequency content through start up, steady state operation and 
run down of the two vibrodrivers at the Radstock site. The frequencies at which the peak energy 
occurred for each operation are given in Table 5.5. These frequencies were different for the 
different drivers and for the different stages of operation, and differed also from the frequency 
at which the spectral peak from percussive piling occurred (llHz). At the Radstock site the 
dominant frequencies during the start up and run down transients were closer to the 
characteristic frequency of the ground than were the frequencies of the steady state vibrations. 
The attenuation rates for both transient phases of operation for each vibrodriver were very 
similar and were less than the rate of attenuation during steady state operation.
The data from the Radstock site suggest that the frequency at which the peak groundbome 
vibration during the start up and mn down of vibrodrivers occurs is dependent upon the 
vibrodriver and pile. The ground may also have some influence on the frequency of the peak 
vibration but the ground is not solely responsible for this frequency. The amount of energy 
transmitted into the ground and propagated as groundbome vibration appears to be only slightly 
greater than that which occurs during steady state operation. This was deduced from the 
vibration magnitudes close (0.8m) to the pile, since the vibration at this distance had a similar 
magnitude throughout the start-ran-stop cycles of operation, with only a slight increase during 
the transient stages. The ground determines the rate of attenuation of groundbome vibration. 
The closer the resonance frequency of the pile and driver system is to the characteristic 
frequency of the ground, the lower will be the rate of attenuation of the vibration caused by the 
start up or mn down. The steady state vibration, which had a relatively high frequency, was 
attenuated more rapidly than the lower frequencies. Consequently, the ratio of the vibration 
during the transient stages of operation to that during steady state operation increased with 
increasing distance.
To determine whether the conclusions reached from the Radstock data were generally 
applicable. Figure 5.3.10 presents the vibration data from all the sites at which vibrodrivers 
were used during the current study. The data are presented separately for the start up, steady 
state and mn down phases. Table 5.6 presents the results of least squares regression analyses 
undertaken to determine the attenuation index (Jin  Table 5.6) for each operation at each site. 
The highest rate of attenuation at each site (presented in bold typeface in Table 5.6 for clarity) 
occurs for the steady state operation in all but one case (the Derby site). The regression
230
Piling operation Stage of 
driving
Dominant frequency 
of vibration (Hz)
Horizontal distance 
from pile (m)
BSP 1.5 DA hydraulic hammer
Installation 11 11.4
11 43.4
10 73.5
Installation 12 17.8
" 10 43.4
9 73.5
ICE 14RF Vibrodriver
Installation Start up 15
Steady state 36 43.4
Rundown 12
Installation Start up 15
Steady state 36 73.5
Rundown 10
Extraction Start up 14
Steady state 36 43.4
Rundown 12
ICE 328SH Vibrodriver
Installation Start up 21
Steady state 40 28.9
Rundown 16
Installation Startup 22
Steady state 40 59.4
Run down 13
Extraction Startup 22
Steady state 45 28.9
Run down 16
Table 5.5 Typical frequencies of spectral peaks for vertical components of vibration at the 
Radstock site from operation of a hydraulic hammer and two vibrodrivers.
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Site
Operation
Least squares 
regression power 
law = ad'^
Coefficient of 
determination 
(%) (and number 
of observations)
Applicable range of 
distances, d  (m)
a Ô Minimum Maximum
Second Severn 
Crossing Start up
Steady state
Shut down
29.6
33.6
8.84
0.84
0.99
0.61
75.33 (29) 
77.32 (50) 
50.64 (41)
5,7 107
Dee Crossing
Start up
Steady state 
Shut down
106
579
84.4
1.18
1.66
1.22
77.08 (16) 
78.20 (36) 
54.78 (28)
10 92
Derby Southern 
Bypass Start up
Steady state
Shut down
101
9.44
43.3
1.47
0.95
1.32
89.12 (72) 
74.62 (72) 
83.76 (64)
14.5 75
A ll
Start up 
Steady state 
Shut down
30.6
28.4
9.59
1.20
1.21
0.96
54.47 (60) 
51.37 (65) 
41.44 (54)
19 105
Radstock ICE 
14RF
Startup 
Steady state 
Shut down
77.2
95.1
65.9
1.04
1.51
1.05
96.95 (15)
96.41 (35) 
97.12 (15)
0.8 74
Radstock ICE 
328SH
Start up 
Steady state 
Shut down
53.4
185
59.8
1.16
1.70
1.17
84.92 (25)
94.86 (25) 
92.81 (25)
2.2 59
All data; all sites
Start up
Steady state
Shut down
65.3
69.2
47.0
1.27
1.36
1.22
74.28 (217) 
76.92 (283) 
69.66 (227)
0.8 107
Table 5.6 Results of least squares regression analyses to determine relations between the 
resultant ppv, (mm/s), and the horizontal distance, d  (m) for vibrodriving sites.
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Site Ground type
Vibrodriver
operating
frequency
(Hz)
Characteristic 
frequency of 
the ground 
(Hz)
Source of 
characteristic 
frequency data
Second Severn 
Crossing
Soft clay 27.5 5-20 Head and 
Jardine (1992)
Dee Crossing Stiff glacial till 28 15-40 Head and 
Jardine (1992)
Derby Southern 
Bypass
Medium dense 
gravel
38.3 15-40 Head and 
Jardine (1992)
A ll Sand
(over chalk)
29 15-40
(30-80)
Head and 
Jardine (1992)
Radstock (ICE 14RF)
Radstock 
(ICE 328SH)
Colliery waste 38.3
46.7
11 Field
measurement of
percussive
piling
Table 5.7 Comparison of the steady state operating frequencies of vibrodrivers and the 
characteristic frequency of the sites from the current study.
equations from Table 5.5 are presented graphically in Figure 5.3.11. The equations presented 
in Table 5.6 and Figure 5.3.11 were used to determine the ratio between transient and steady 
state vibration magnitudes and to calculate how this ratio changed with distance from the pile. 
From each of the power laws, the ratio of the transient to the steady state peak particle 
velocities was calculated for the distances over which the data were acquired at each site. The 
results (Figure 5.3.12) demonstrate that the difference in the rates of attenuation increased the 
significance of the transients as the distance from the pile increased. Once again, the Derby site 
was an exception.
A possible explanation for the different relation between the magnitudes of transient and steady 
state vibrations at the Derby site compared with the other sites may relate to the difference 
between the operating frequency of the vibrodriver on each site and the characteristic frequency 
of the ground. Table 5.7 compares the steady state operating frequency of the vibrodrivers 
with the characteristic frequencies of the ground. The operating frequency of vibrodrivers are 
generally selected to be higher than the characteristic frequency of the ground to reduce the 
groundbome vibration but the Derby site may have been an exception. The range of 
characteristic frequencies quoted by Head and Jardine (1992) for gravels extends beyond the 
operating frequency of the vibrodriver used at Derby. If the characteristic frequency of the 
ground was higher than the steady state operating frequency of the vibrodriver, then a lower 
attenuation rate would be expected during steady state operation than during start up or run
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down. This is because the steady state operating frequency would be closer to the 
characteristic frequency than any frequencies swept through during the start up or run down. 
From the information given in Table 5.7 it is not possible to reach firm conclusions because the 
characteristic frequencies of the sites was not measured directly. The possible range of 
characteristic frequencies quoted by Head and Jardine (1992) is too broad to be useful in this 
context. Further research is required to verify the relation between the characteristic frequency 
of the ground, the operating freqtiency of vibrodrivers and the resulting relative magnitudes of 
groundbome vibration during the start-run-stop cycles.
5.3.3 Summary
The transfer of energy from a pile to the ground takes place largely along the pile shaft during 
vibrodriving, although the whole of the pile shaft is unlikely to generate groundbome vibration 
at any instant in time. The main location of groundbome vibration generation may be where 
the most resistance to motion is offered by the ground. This may be towards the lower end of 
the pile in many cases, since the ground will have been exposed to the least amount of vibration 
at the pile toe.
The distribution of groundbome vibration magnitudes at the ground surface was generally less 
complex than the distribution caused by percussive piling. This difference may arise in part 
because the source of vibration in percussive piling is the pile toe whereas for vibrodriving the 
shaft dominates. Another factor which appears to be significant is the depth to which the piles 
were driven: percussively driven piles were generally driven to a greater depth than that to 
which most of the vibratory piles were driven. The complex distribution of vibration at the 
ground surface appears to develop only when the pile toe is deeper than about 12 to 15m. 
Further studies are required to clarify the relevant depth and to identify the parameters that 
determine this depth. The combination of the relatively shallow driven depth and the shaft 
source enables the distribution of vibration from vibratory piling to be well represented by a 
power law over a range of distances from Im to 100m. The distance term can be specified as 
the ground surface offset distance {d).
Transient high levels of vibration occur during the start up and run down stages of vibrodriver 
operation as the operating frequency of the vibrodriver sweeps through a range of frequencies 
up to, or from, the operating frequency. The frequency at which high levels of vibration occur 
is dependent upon the pile and driver system, possibly with some influence from the ground. 
The transient magnitude of groundbome vibration close to the pile is only slightly greater than 
the steady state vibration magnitude. In general, the steady state vibration attenuates more 
rapidly than the vibration during the start up or mn down because the operating frequency of 
the vibrodriver is normally higher than the characteristic frequency of the ground. Therefore
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although the frequency of the transient peak appears to be dependent upon the pile and driver 
system, the rate of attenuation of the transient peak is dependent upon the ground conditions.
5.4 VIBRATORY COMPACTION
This Section considers whether the use of a power law to relate the ppv and distance is 
appropriate for describing the ground surface distribution of vibration magnitudes arising frojn 
vibratoiy compaction. By assuming the vibration source to be a linear contact between the 
roller and the fill, the effect of the size of the source is considered. Data acquired from close 
to the rollers during the controlled field experiment enabled curvature in the field data to be 
investigated.
The mechanism used by rollers to generate vibration is similar to that used in vibratory pile 
driving equipment, except that inmost compaction plant only a single eccentrically loaded shaft 
is used. The vibration is therefore not vertically polarised in the same way as that generated 
by the multiple eccentrics used in vibratory pile drivers. Section 5.3.2 considered how the 
changing frequency during the start up and run down periods of vibratoiy pile driver operation 
affected the attenuation of vibration. Section 5.4.4 addresses this issue for vibratory 
compaction plant.
5.4.1 The rate of attenuation
During the controlled trial of vibrating rollers (Section "3.4.2), the rollers were operated to 
perform a series of compaction passes at an approximately constant speed, as they would be 
operated during earthworks construction. These passes are described as normal passes here. 
Figure 4.4.4 presented vibration data from normal compaction passes with the six rollers for 
which most testing was undertaken. Figure 5.4.1 presents further data from the controlled trial, 
including data from starting and stopping of the rollers whilst stationary, for which data are 
available from distances of approximately 0.2m. It is apparent from Figures 4.4.6 and 5.4.1 that 
there is a curvature in many of the plots of resultant ppv against distance, the rate of attenuation 
decreasing as the roller is approached. However, the data from each roller were all acquired 
from the same five fixed geophone positions, except for those data recorded very close to the 
drum whilst the roller was stationary. Consequently, the spacing of the data set along the 
horizontal axis cannot clearly delineate any curvature in the data, particularly for the data from 
compaction of the hoggin.
Figure 5.4.2 presents data from a Bomag BW161AD roller which was tested with the objective 
of defining the shape of the attenuation curve (Section 3.4.2.6). At distances greater than 1 Om, 
the data are well represented by a straight line on a logarithmic plot. For the 16 data points
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from distances greater than 1 Om, a least squares regression yielded the following relation with 
a coefficient of determination (R )^ of 99.2 per cent;
V,,, = 1569c?-2' [5.14]
where is the resultant ppv (mm/s) and d  is the offset distance (m) from the edge of the drum 
closest to the geophones. Since the source and measurement positions were all on the ground 
surface, a dominance of surface waves would be expected (Miller and Pursey 1955) which 
would attenuate at a theoretical rate of d~^ -^ . This attenuation index of 2.1 is very high to be 
accounted for solely by geometric spreading of surface waves or body waves, suggesting that 
some other process may be contributing to the attenuation.
5.4.2 The effect of the dimensions of the source
Using a similar approach to that described in Section 5.1.1 for dynamic compaction, and 
assuming that a roller provides a line source of vibration, a surface wave would spread from 
the roller as planar wavefronts parallel to the axis of the drum, length L^, and as semicircular 
wavefronts from the ends (Figure 5.4.3). Therefore, rather than attenuating according to the 
distance d  only, the attenuation would be related to a wavefront of length given by:
l„ = 2 n d  + 2Lj [5.15]
Figure 5.4.4 re-presents the data from Figure 5.4.2 and compares the data with relations 
determined by least squares regression analyses assuming a point source and a linçar source 
having a length equal to the drum width of the Bomag BW161AD roller (L^ = 1.68m). The 
curves were fitted separately to the whole data set and to the data from distances greater than 
10m. While the line source introduces some curvature to the relation when plotted as shown 
(Figure 5.4.4), the degree of curvature is not sufficient to replicate the field data. Furthermore, 
modification of the power law, to account for the dimensions of the source, only affects the 
shape of the curve at small distances, so an attenuation index of 2.1 (Equation 5.14) is still 
required to fit the data at distances greater than 10m. It is concluded that a different form of 
equation is required to replicate the curvature shown in Figure 5.4.2.
5.4.3 The effect of the coefficient of attenuation
Sections 5.4.1 and 5.4.2 showed that the distribution of data in Figure 5.4.2 cannot be
represented by a power law. Equation 5.3 (Section 5.1.2), which has the form proposed by
Mintrop (1911; cited by Bomitz 1931) includes an exponential attenuation component which 
has been reported to fit field data in some cases (Richart et al 1970). This Section considers 
whether an equation of the form of Equation 5.3 is appropriate for the data acquired from 
vibrating rollers.
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A multiple regression analysis was performed on the logarithmically transformed data, to obtain 
a best fit curve for the data in Figure 5.4.2 using an expression of the form of Equation 5.3. 
Figure 5.4.5 and Table 5.8 present the results of the regression analysis. The regression 
equation yielded a better representation of the field data than did the power laws (Figure 5.4.4), 
but the shape of the curve did not wholly replicate the shape defined by the field data.
Equation 5.3 describes attenuation of vibration propagating as circular wavefi*onts. In 
Equatioii 5.3 the geometric attenuation is quantified by the ratio of the lengths of the circular 
wavefi*ont over which the energy is distributed at the reference distance and the distance of 
interest, d. For a linear source of length giving rise to wavefi*onts having a length defined 
by Equation 5.15 the ratio of the lengths of the wavefi'onts at distances d^  and d  is given by:
Wavefront length at d _ _ Tzd +
Wavefront length at d  ^ 2kd^ + 2L^ Tzd^  + [5.16]
Therefore, to account for the dimensions of the source, the width of the roller (LJ), the 
geometric attenuation component of Equation 5.3 may be extended using Equation 5.16 to 
become:
Tîd-^  +
%d + L^ [5.17]
where v is the ppv at a distance d firom the source and Vj is the ppv at a reference distance d^ . 
The parameter a is the coefficient of attenuation. A non linear regression analysis was 
undertaken in which the values of a, p and Vj were allowed to iterate. The results are presented 
in Table 5.8. Figure 5.4.6 presents the curve fitted to the data, together with the curve fi-om 
Figure 5.4.5 for comparison. The correlation of the line source equation was only slightly better 
than that for a point source equation. The values of p of 0.81 and a of 0.025 are within the 
range of those expected. The geometric spreading index (P) is greater than the theoretical 
value of 0.5 for surface waves and is more realistic than the index of 2.1 required to fit a power 
law (Section 5.4.1). The attenuation coefficient a is of the order of those quoted by Barkan 
(1962) and Richart et al (1970). Barkan quoted a value for a of 0.04m'^ for clayey sands and 
0.1 Om'^  for loess and loessial soils, which are the closest soils to those of the test site of the 
ground types for which values were quoted.
The value of a is proportional to the fi-equency of vibration (Section 2.4.1) whereas p describes 
geometric effects and should therefore be independent of fi*equency. To investigate the effect 
offi*equency on the rate of attenuation of groundbome vibration at the controlled trial site, field 
data from the Ingersoll-Rand model SD150 were considered. This roller could be operated 
with a range of vibrator frequencies (Section 4.4.2.2). Since there are only five data points for 
each operating fi*equency (Figure 4.4.12b), the fitting of a complex curve is inappropriate. To 
illustrate qualitatively the frequency dependency of attenuation. Figure 5.4.7 presents the
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Regression resultsEquation fitted to the field data Coefficient of 
determination
- a { d ~ \ )
0.027 0.71 38.1 98.0
V = V
0.025 0.81 36.0 98.3
Table 5.8 Results of least squares regression analyses undertaken to fit curves to the data 
from the Bomag BW161 AD in Figure 5.4.2. A reference distance of Im was used.
resultant ppv plotted against distance for the four different frequencies at which the roller was 
operated. Figure 5.4.7 shows that the rate of attenuation was greater for the higher frequencies 
than for low frequencies.
During the data reduction process, the root mean square (rms) particle velocity in one-third 
octave frequency bands was calculated for all vibration records (Section 3.5). The rms particle 
velocity in each frequency band is proportional to the energy propagated at the range of 
frequencies within that band. Regression analyses were undertaken to fit a power law to the 
vertical component one-third octave band rms velocity data plotted against distance. These 
analyses determined the rate of attenuation, defined by the index of the fitted power law (y), 
at the different frequencies. Figure 5.4.8 plots the attenuation index (y) against the one-third 
octave band centre frequency. Figure 5.4.8 verifies the frequency dependency of the 
attenuation at the site, specifically, the increasing rate of attenuation with frequency.
5.4.4 The effect of the start up and run down of the vibrator
In Section 5.3.2 it was shown that the vibrations which occur during the start up and run down 
of vibrodrivers generally attenuated more slowly than the higher frequency vibrations which 
occurred during the steady state operation. Similar transient phases occur during the use of 
vibratory compaction plant. Figure 5.4.9 presents the vibration during a typical start-run-stop 
cycle, which was undertaken while the roller was stationary.
Figure 5.4.10a presents the resultant ppv plotted against distance from the roller during start 
up, continuous operation and run down of the vibratory mechanism. It includes data from
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measurements made directly on the vibrating drum. The peak vibration magnitude which 
occurs during start up and run down attenuates more slowly than does the steady state 
vibration. Figure 5.4.10b illustrates that the velocity of the drum vibration and the ground 
surface close to the drum at start up and run down does not greatly exceed the steady state 
vibration. However, the ratio of the ppv during transient operation to that during steady state 
operation increases with increasing distance from the roller. This shows that the high 
magnitudes of vibration which occur during start up and run down of vibratory compaction 
plant are largely a result of frequency dependent attenuation rates and do not arise through a 
greater amount of energy transmission to the fill during the transient stages of operation. The 
significance of the start up and run down transients therefore increases with increasing distance 
from the roller.
Although both vibrating rollers and vibratoiy pile drivers were observed to pass through a 
resonance phase, during which time the plant as a whole undergoes a relatively violent, large 
amplitude vibration, measurements have shown that the velocity of the drum of a roller does 
not increase during this transient period (Figure 5.4.10). The velocity is dependent upon both 
amplitude and frequency of vibration. Therefore, although the vibration amplitude increases, 
the velocity remains essentially constant because of the changing frequency. The data measured 
on the ground very close {d < 0.2m) to the vibrating roller drum show that the velocity of the 
ground is also very similar during the transient stages to the steady state velocity at close range. 
The magnitude of the transients assume increasing significance with increasing distance from 
the roller because they are attenuated less rapidly than the higher frequency steady state 
oscillations.
The investigation undertaken by Yoo and Selig (1979) demonstrated that the frequency of 
resonance of the soil-roller system was increased by increasing the stiffiiess of the compacted 
material. The stiffiiess of the hoggin used for the controlled experiment during the current 
study was greater than that of the clay (Section 4.4.1.3). In general, the frequency at which the 
maximum resultant ppv occurred during the start up or run down was found to be typically 2Hz 
higher on the hoggin than on the clay. The resonance frequency of the soil-roller systetn 
therefore does appear to be dependent upon the characteristics of both the roller and the fill.
5.4.5 Summary
Data from the controlled experiment indicated that the attenuation of vibration from vibrating 
rollers can be approximated to a power law only for data from distances measured along the 
ground surface of greater than approximately 10m. The high rate of attenuation in the data 
from rollers, combined with the curvature exhibited in a plot of ppv against distance at distances 
of less than 10m, indicated that a simple power law and a point source did not adequately 
describe the attenuation over the whole range of distances for which data were acquired (0.2m
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to 100m). Modification of the power law to include the size of the source introduced a 
curvature to the relation between ppv and distance, but the curvature was not sufiicient to be 
representative of that observed in the plotted field data.
The rate of attenuation was found to be fi'equency dependent, which implied that factors other 
than geometric spreading contributed to the attenuation. An attenuation relation of the form 
proposed by Mintrop (1911; cited by Bomitz 1931), which included an exponential term to 
account for frequency dependent attenuation effects, provided a better fit to the ppv-distance 
data than did a power law relation. Modification of Mintrop’s equation to include the 
dimensions of the vibration source provided the best representation of the field data, but only 
a shght improvement of the fit of this form of equation to the field data was achieved by 
including the dimensions of the source.
During the start up and run down of vibrating rollers, a resonance occurs during which the 
vibrating drum of the roller undergoes transient vibration which is of sufficient displacement 
to be visible. The frequency at which this resonance occurs is dependent upon the 
characteristics of both the roller and the fill. During resonance, the velocity of vibration of the 
roUer drum and the ppv of the ground close to the drum does not differ greatly from the 
velocity which occurs during steady state operation. However, the groundbome vibration 
during resonance increases relative to the ppv during steady state operation with increasing 
distance from the roller as a result of the frequency dependency of the attenuation rate.
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Figure 5.3.6 Comparison of vibration arising at various distances from ICE 14RF vibrodriver at 
Radstock operated (a) conventionally and (b) in resonance free mode.
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and the reduction in bandwidth with increasing distance (d).
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6 DISCUSSION
This Chapter brings together the findings of Chapters 4 and 5 and discusses factors which are 
common to the four construction activities considered. Section 6.1 considers the factors which 
affect the transfer of energy from the mechanical sources of vibration into the ground. 
Section 6.2 discusses the spatial distribution of the magnitude of groundbome vibration as 
energy propagates away fi'om the source. The practical implications for the prediction of 
vibration and the means by which the detrimental effects of vibration might by mitigated 
through changes in working practices are discussed in Section 6.3. Section 6.4 presents 
recommendations for the prediction of the magnitudes of groundbome vibration on the basis 
of the current research and the methods described in the literature. A number of issues have 
been identified which remain unresolved: recommendations for fijrther work are made in 
Section 6.5.
6.1 The magnitude of groundbome vibration
The empirical predictors of groundbome vibration presented in the literature (Section 2.5) 
relate the magnitude of vibration to an estimate of the energy available fi'om the equipment. 
This approach has been adopted in the literature for all sources of groundbome vibration 
considered during the current research. For the percussive sources of groundbome vibration 
(that is pile driving and dynamic compaction) the nominal energy of the driver has been used. 
The current research has verified that the use of this eneigy rating as a basis for estimating the 
peak particle velocity (ppv) which may arise is appropriate, but there are also additional factors 
which need to be considered (Chapter 4). For the two vibratory methods (vibratory pile driving 
and vibratory compaction), groundbome vibration predictors in the literature are based on the 
nominal energy per cycle of the plant, which is calculated fi'om the rated energy of the power 
supply and the operating fi'equency of the vibrator. The current study has found that for 
vibratory piling no correlation exists between the energy per cycle of the vibrodriver and the 
resultant ppv (Section 4.3.1.1). For vibratory compaction, although a correlation was found 
to exist between the ppv and the energy per cycle, the vibration magnitude was better 
correlated with other parameters (Section 4.4).
For dynamic compaction, field measurements at the two sites studied (Section 3.2) showed that 
the vibration magnitude increased with successive impacts until it remained approximately 
constant for a given tamper mass and drop height (Section 4.1.1). A similar effect occurred 
during vibratory compaction. Measurements of the density during vibratory compaction 
showed that the increase in ppv with successive compaction passes corresponded with an 
increase in the dry density of the fifi (Section 4.4.2.1). As the rate of increase in the amount 
of compaction achieved by each pass with a roller reduced, the change in the vibration
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magnitude for successive passes also reduced. The magnitude of the groundbome vibration 
approached a constant level as compaction reached its limit for a particular roller (Figure 4.4.3).
For percussive piling, the current study demonstrated that the vibration magnitude at the 
ground surface increased as the depth to which the pile was driven increased (Section 4.2). The 
increase in ppv corresponded with a decrease in the penetration per blow. For vibratory pile 
driving, no data were acquired which enabled the rate of driving and the vibration magnitude 
to be compared. However, there were examples where a decrease in the vibration frequency 
was observed to accompany an increase in the ppv (Figure 4.3.15). The reduction in vibration 
frequency suggests that the increase in the ppv was a result of difficult driving. In addition, 
during vibratory extraction of piles, the vibration magnitude was found to decrease as the pile 
was extracted (Figure 4.3.13). It may therefore be expected that, as the rate of driving piles 
by vibratory methods decreases the ppv increases, as was observed for percussive piling. 
However, this could not been confirmed using the field data acquired for vibratory piling during 
the current research.
For both compaction and pile driving operations, the vibration magnitude was found generally 
to increase as an individual operation progressed, which also corresponded with a decrease in 
the rate at which the objective of the works was accomplished. Effectively, an increase in the 
magnitude of groundbome vibration therefore indicates a decrease in the efficiency of any 
operation.
6.2 The spatial distribution of the magnitude of groundbome vibration
The magnitude of groundbome vibration diminishes with increasing distance from the vibration 
source through the combination of several processes (Section 2.4.1). Empirical vibration 
predictors are often presented as a power law fitted to field data, in which the index of the 
distance term has a value which combines the effect of the attenuative processes. Empirical 
relations of this form were described as the pseudo attenuation by Woods and Jedele (1985). 
Such relations for the data acquired during the current research verified that the attenuation 
rates for field data were greater than the theoretical rate for geometric attenuation alone. This 
was the case for all sources of vibration considered during the current study.
Use of a pseudo attenuation relation approximates the spatial distribution of field data, plotted 
on logarithmic axes of ppv against distance, to a straight line. For data acquired from distances 
ranging, in metres, less than an order of magnitude, it has been found during the current study 
that a straight line relation provides a satisfactory representation ofthe distribution of field data.
For dynamic compaction, a straight line relation between the peak resultant particle velocity and 
the horizontal distance from the source, plotted on logarithmic axes, was applicable over a
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range of distances from 5m to 400m. It was conjectured that closer to the source than 5m a 
curvature in the data would be expected, because of the finite size of the tamper, but no data 
were available from sufficiently close to the source to verify this (Section 5.1.1).
The steep gradients of empirical relations fitted to field data from dynamic compaction 
suggested that processes other than geometric spreading were significant in affecting the 
attenuation. Figure 5.1.6 illustrated the increase in the duration of the waveform with 
increasing distance from the dynamic compaction source at Snodland. Spreading of the 
available energy over an increased period of time reduces the maximum ppv which arises for 
a given energy input. The rate of attenuation, quantified by the reduction of the ppv with 
increasing distance, is therefore increased by spreading of the waveform.
Data from vibratory compaction were acquired from distances ranging from within Im of the 
source to in excess of 100m. For data plotted on logarithmic axes of ppv against distance, in 
the range approximately 10m to 100m from the roller, a straight line relation provided a good 
fit to the data. However, when data from closer than 10m from the source were included, the 
plotted data exhibited a curvature which was convex upwards (Figure 5.4.2). Inclusion of the 
effect of the dimensions of the source of vibration in the distance term introduced a curvature 
to the plotted data, but this was insufficient to replicate the curvature observed in the data 
(Section 5.4.2). Fitting an equation (Equation 5.3) of the form attributed to Mintrop (1911; 
cited by Bomitz 1931) to the data, which include both a geometric spreading term and an 
exponential term (a) to account for material damping, provided a better fit to the data over the 
whole range of distances than did a power law relation. Only a slight improvement in the fit 
was achieved by including the dimensions of the roller in ah equation of this form.
The distribution of vibration arising from piling is more complex than that for compaction 
operations because the vibration source during piling is located below the ground surface. The 
complexity of the attenuation pattern was found to be particularly notable for percussive piling, 
where the energy is transmitted to the ground largely at the püe toe (Section 4.2.1). The 
representation of vibration data from percussive piling by a power law relation was improved 
if the data were presented as ppv plotted against slope distance to the pile toe, rather than the 
distance along the ground surface from the point of interest to the point of entry of the pile into 
the ground. For percussive piling, a plot of ppv against distance from the pile toe provided an 
approximately straight line relation for data from distances measured along the ground surface 
which were greater than the pile toe depth. However, when the depth of the pile toe exceeded 
approximately 12 to 15m, a maximum occurred in the data at a horizontal distance from the pile 
which was approximately equal to the pile toe depth. The vibration closer horizontally to the 
pile than this maximum decreased as the pile was approached. The vibration magnitude close 
to the pile was therefore smaller than that which would be predicted by extrapolation from data 
from greater distances.
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In general, the distribution of vibration arising from vibratory piling was found to be less 
complex than that during percussive piling. This may be partially due to the source of energy 
transfer being the pile shaft, rather than the toe, during vibrodriving. In addition, the depth at 
which energy is transferred to the ground may also be significant: vibratory driven piles from 
which data were acquired during the current study were mostly shorter than those driven 
percussively. For both percussive and vibratory driven piles, the magnitude of vibration 
reduced continuously with increasing distance, for distances greater than Im from the pile, 
when the pile toe depth was less than approximately 12 to 15m. No local maximum occurred 
for these relatively shallow toe depths. It was only when the depth to which the piles were 
driven was greater than 12 to 15m that the more complex distribution of ppv with distance 
arose from percussive piling (Section 5.2) and similarly for vibrodriving (Section 5.3.1). Very 
few of the data from vibratory piling in the present study were acquired from piles driven to 
depths of more than 15m, and most were from less than 10m (Figure 5.3.5). Therefore, when 
the whole data set for vibrodriving was plotted against horizontal distance from the pile, the 
distribution could be well represented by a straight line on logarithmic axes (Figure 4,3.1).
The influence of material damping (a) on the attenuation of groundbome vibration has been 
debated in the literature (Section 2.4.1). Sams et al (1997) suggested that the influence of a 
is often overlooked because an insufficient range of frequencies is considered. Vibrations from 
vibrating rollers occur within a narrow band of frequencies compared with the range of 
frequencies considered by Sams et al. Nonetheless, a frequency dependency of the attenuation 
rate was confirmed by least squares regression analyses of the rms particle velocity data in one- 
third octave frequency bands (Section 5.4.3): energy at high frequencies attenuated more 
rapidly than at lower frequencies. The frequency dependency of attenuation was also verified 
by the ground vibration data from a vibrating roller which was operated at several different 
vibrator frequencies (Figure 5.4.7).
A consequence of the frequency dependency of the attenuation of groundbome vibration occurs 
in the transient periods of operation at the start up and run down of vibrating rollers and 
vibrodrivers. It is apparent from field observation of vibratory plant in operation that, during 
start up and run down, the amplitude of oscillation of the plant is temporarily much greater than 
that which occurs during steady state operation. However, measurement of the ppv close 
(-0.2m) to the drum of vibrating rollers and close (-0.8m) to vibratory piling showed that the 
particle velocity close to the source is not greatly elevated during the transient period of 
vibration. The ppv during the transient phases increases relative to the magnitude during steady 
state operation only as the distance from the plant increases. Since the operating frequency of 
vibrating rollers and vibrodrivers is normally higher than the characteristic frequencies of soils, 
the operating frequency during the start up and run down will sweep through the bandpass 
frequency of the soil. Vibration having a frequency corresponding with the characteristic 
frequency of the soil is attenuated more slowly than vibration at the higher steady state
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operating frequency. Hence, the ratio of the transient to steady state vibration level increases 
with increasing distance.
6.3 Practical implications of the research findings
The magnitude of groundbome vibration caused by any construction activity depends on the 
amount of energy transferred from the mechanical source into the ground and the attenuation 
of that energy as the vibration propagates away from the source. An understanding of the 
factors which affect the transfer of energy from the source and the propagation of energy in the 
ground should assist in the development of reliable methods for the prediction of groundbome 
vibration. In addition, such insight may allow ways to be identified by which potentially 
problematic vibration can be reduced by modification of the operating method. Such an 
approach to mitigation may reduce the need for other palliative measures. In this Section, these 
issues are considered for the four constmction activities studied during the current research.
6.3.1 Dynamic compaction
The ppv arising at any distance from dynamic compaction is dependent upon the height from 
which the tamper is dropped and on the weight of the tamper (Section 2.5.1). The depth to 
which fill will be improved by dynamic compaction using a tamper of mass m dropped from a 
height h can be estimated from (Mayne, et al 1984);
■°n,ax=0-8V® [6.1]
where is the maximum depth of influence (m); 
m is the tamper mass (tonnes); and 
h is the drop height (m).
The parameters used to calculate the value of iii Equation 6.1 are the same as those used 
for the prediction of groundbome vibration using the empirical predictor proposed by Mayne 
(1985), presented in Equation 2.7. Combining Equations 2.7 and 6.1, provides a means by 
which the magnitude of groundbome vibration which may arise from dynamic compaction at 
a site may be predicted on the basis of the required depth of compaction;
1.7
V. ..  ^ 134res
■^max
d
[6.2]
Equation 6.2 is presented graphically in Figure 6.1. Since Equation 6.2 is based on two 
empirical formulae, both of which contain data vrith some scatter, validation of this relation by 
field trials is required.
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During the current research it has been shown that the vibration magnitude caused by dynamic 
compaction increases for successive impacts and becomes approximately constant towards the 
end of a compaction operation. To reduce the magnitude of off site vibration, it may therefore 
be possible to undertake the first impacts at each location with a heavy tamper, or by using a 
large drop height, and then to complete the compaction with less energetic impacts, using a 
lighter tamper or a smaller drop height. Testing is necessary to verify that improvement of the 
soil to the required depth could be achieved tising this modified procedure. Slocombe (1993) 
suggested that in sensitive areas, the use of a lower nominal energy source and increasing the 
number of impacts could provide the required reduction in vibration. However, ff the depth to 
which compaction is achieved is determined by the nominal energy (Mayne 1985), the use of 
only a light tamper may not cause sufficient compaction. Verification that the use of tampers 
of different weights or different drop heights is a practical means of vibration control would 
require field validation. In particular, limitations of the vibration predictor proposed by Mayne 
(1985) are discussed in Section 6.4.1.
Regression analyses of the new field data showed that the resultant ppv fi'om dynamic 
compaction at both sites in the current study attenuated according to where d  is the 
distance along the ground surface from the tamper (Section 5.1.2). The equation fitted by 
Mayne (1985) to field data had an attenuation index of 1.7. Both index values represent a 
greater rate of attenuation than would be expected from geometric spreading alone. As an 
empirical basis for vibration prediction, a power law appears to be acceptable for dynamic 
compaction since the data from the current study and from the literature plot with little 
curvature on logarithmic axes, although no data were acquired from closer than 5m from the 
edge of the tamper. In practice, the shape of the attenuation curve close to the source is 
unlikely to be of concern for dynamic compaction because the risk of frying débris, lateral 
ground movements and public aversion vrill preclude the use of dynamic compaction close to 
sensitive locations (Greenwood and Kirsch 1984; Lukas 1986).
6.3.2 Percussive pile driving
It was concluded from the review of the literature (Section 2.3.1) and verified by the data 
acquired during this study (Section 4.2) that transmission of energy into the ground during 
percussive pile driving takes place mainly at the pile toe. However, for percussive piling, the 
ground surface distribution of magnitudes of vibration is not wholly described by assuming a 
constant rate of attenuation of body waves between the pile toe and the ground surface. At the 
A47, the vibration magnitude at the ground surface increased as the pile was approached, 
attaining a maximum at a horizontal distance from the pile which was approximately equal to 
the pile toe depth. Continuing towards the pile, there was a decrease in the ppv for a short 
distance before the vibration magnitude recovered slightly within approximately 3m of the point 
of entry of the pile into the ground (Section 5.2.1). Vibration magnitudes very close to a pile
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may be of particular concern when piling in close proximity to underground structures such as 
pipelines or tunnels. A reliable preliminary estimation of vibration magnitudes which wiU arise 
close to the pile toe is therefore potentially valuable.
With the exception of the ground very close to a pile, the magnitude of vibration at any slope 
distance from the pile toe increases with increasing depth to which a pile is driven (Section 
4.2.1). This increase in ppv coincides with a decrease in the penetration per blow that is 
typically achieved as driving progresses. The highest levels of vibration, at any slope distance 
from the pile toe, are therefore expected to arise at the end of driving when the penetration rate 
is a minimum. At any toe depth before refiisal is reached, piles of large cross section will 
achieve less penetration per blow than will smaller piles, for a given driving energy. Therefore, 
the vibration arising from driving large section piles would be expected to be greater than that 
from smaller piles, before refusal is reached. For piles driven to refiisal, the highest vibration 
is expected to be independent of the cross sectional area of the pile because the penetration 
achieved per blow will be close to zero at refusal, irrespective of the size of the pile. For piles 
driven to a specified depth rather than to a required set, such as for a temporary sheet pile 
retaining wall, the cross sectional area of the pile vrill affect the peak magnitude of vibration 
produced. Therefore, under such circumstances, modifications to the driving process which 
increase the rate of driving, such as pre-augering, should be of benefit in reducing groundbome 
vibration.
For bearing piles driven to refiisal at rockhead, the maximum vibration magnitude at the ground 
surface may be reduced by driving a large number of small piles, rather than driving fewer piles 
of larger cross section. This is because, for a given driving energy, the set will be greater for 
the smaller piles, so lower levels of vibration will be generated during the drive if piles of a 
small cross sectional area are used than if larger piles are driven. At refusal, the magnitude of 
vibration from driving any size of pile is expected to be the same, but if the pile toe is at 
sufficient depth, the attenuation of the vibration before it reaches the surface may be sufficient 
to mitigate vibration problems. Any attempt to mitigate intrusive vibration by changing the 
size or number of piles used will need to consider the possibility that driving a large number of 
small piles may make the intmsion in terms of the vibration dose value (Section 2.1) greater 
than that from fewer large piles if the duration of the works is increased.
It was suggested in Section 4.2.2 that the acoustic impedance of the pile may affect the level 
of groundbome vibration. A higher ppv is expected to arise if the acoustic impedance of the 
pile is close to that of the ground at the pile toe than if there is a large acoustic impedance 
mismatch between the pile and the ground. The acoustic impedance of concrete is closer to 
that of most earth materials than is steel (Figure 4.2.9). Therefore, a lower ppv might be 
expected to arise from driving steel piles than from driving concrete piles, all other variables 
being the same.
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6.3.3 Vibratory pile driving
The distribution of field data fi'om vibratory piling, Avhen plotted on logarithmic axes of ppv 
against the distance measured along the ground surface fi'om the point of entry of the pile into 
the ground, was well represented by a straight line relation over a range of distances extending 
fi'om Im to in excess of 100m. Unlike percussive piling, the distance measured along the 
ground surface may therefore generally be used to specify the distance term for all distances 
fi'om vibratory driven piles. However, consideration of the depth of the source may become 
important close \o the pile, particularly when the pile is driven to a depth which exceeds 
approximately 12 to 15m (Section 5.3.1).
The methods of predicting groundbome vibration fi'om vibratory piling which are available in 
the literature have related the ppv to the nominal energy per cycle of the vibrodriver 
(Section 2.5.2). Analysis of the data collected during the current Study combined with those 
fi'om Uromeihy (1990) showed that the vibration magnitude was independent of the nominal 
energy per cycle of the vibrodriver (Section 4.3.1.1). In practice, more energetic vibrodrivers 
are required to drive piles into cohesive soils than for driving in granular soils and the data fi'om 
the current study suggested that higher magnitudes of vibration arose fi'om driving piles in 
cohesive soils than in granular soils. The magnitude of groundbome vibratipn therefore appears 
to be related to the efficiency of driving. When a high energy vibrodriver achieves only a slow 
rate of penetration, then a higher level of groundbome vibration will arise than when driving 
is achieved more easily by the same vibrodriver.
The transient elevated levels of vibration which occur at start up and run down of a vibrodriver 
must be considered when predicting or assessing intmsion by groundbome vibration. The 
transients may be more problematic than the steady state vibration because they attenuate more 
slowly and are therefore likely to be perceptible at greater distances fi'om the works. 
Furthermore, the fi'equency sweep may pass through the resonance frequency of elements of 
stmctures, increasing the risk of damage and exacerbating intrusion. The natural fi'equency of 
floors and ceilings, for example, may be between 6 and 16Hz (Steffens 1974). Minimising the 
number of times the driver is stopped and restarted during a pile installation will reduce the 
significance of the transient periods. There are therefore benefits in driving a pile in one 
operation rather than several stops and restarts. Vibrodrivers are available fi'om a number of 
manufacturers which are designed to minimise vibration during the start up and run down 
(Section 3.3.2). Use of such plant will mitigate the problems associated vrith the transient 
stages of operation.
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6.3.4 Vibratory compaction
The main factors which influence the compaction performance of a vibratory compactor are 
reported in the literature to be the static linear load and the nominal amplitude 
(Section 2.3.3.1). These factors have been found in the current research to be also the 
dominant parameters in determining the magnitude of groundbome vibration (Section 4.4). 
Therefore, while vibration magnitudes may be reduced by using small compaction plant, a 
corresponding decrease in the layer thickness and increase in the number of passes will be 
required to achieve the specified degree of compaction. If disturbance by vibration in the 
vicinity of the works is the main cause for concern, consideration will need to be given to the 
relative disturbance caused by large magnitude vibrations persisting for a short period of time 
and lower levels of vibration occurring for an extended period, which would result fi’om using 
small plant. If a method specification for compaction is used, changes to the static linear load 
of the plant, the layer thickness and the number of passes can be effected without the need for 
any additional compaction trials. Where an end product specification is in use, it will need to 
be demonstrated that a change in the plant does not adversely affect the compaction achieved.
Where conditions permit, the duration of compaction works can be reduced by the use of 
tandem rollers rather than a single drum roller. The number of passes required with a tandem 
roller is half that required for a single drum roller of similar specification. However, the ppv 
arising fi'om a tandem roller is approximately y/2 times greater than that caused by a single drum 
roller of the same specification (Section 4.4.3.5). This increase in vibration magnitude resulting 
fi’om the use of a tandem roller could be problematic in terms of causing damage to adjacent 
structures. With regard to the potential for disturbance, although the duration for which the 
vibration would exist is halved by use of a tandem roller, the reduction in exposure time to the 
vibration is insufficient to fiiUy compensate for the increased vibration magnitude when assessed 
in terms of the vibration dose value (Section 4.4.3.5). The fourth power relation used in the 
calculation of the vibration dose value requires that, to compensate for a y/2 increase in the ppv, 
the exposure time would need to be reduced by a factor of four ([^ 2]"*). Furthermore, the 
higher level of vibration generated by a tandem roller would increase the distance over which 
the vibration is problematic. Therefore, for both damage and intrusion considerations, the use 
of a single drum rather than a tandem roller is beneficial.
Another potentially problematic effect of using tandem rollers is the beating which occurs as 
a result of operating two vibrators vrith very similar fi’equencies very close together 
(Figure 4.4.22). Superposition of the waveforms fi'om the two drums gives rise to vibration 
having a low fi'equency pulsating envelope which may be more intrusive than a vibration of a 
more continuous level. There is, however, no guidance available in the literature on human 
reaction to exposure to such vibration.
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The magnitude of groundbome vibration increases as the travel speed of the roller decreases: 
the highest levels of vibration arise when a roller is stationary (Section 4.4.3.6). The travel 
speed also affects the performance of the compactor so there is little scope for variation in the 
travel speed without the need to change the number of passes in proportion to the change in 
speed (Department of Transport 1993) or by recourse to compaction trials. When compacting 
fill in sensitive locations the speed of the compactor should be maintained at its constant 
operating speed. If the roller is required to come to a stop, such as to enable it to reverse its 
operating direction, this should be undertaken remote from the most sensitive locations. Some 
of the rollers studied during the current research cause different magnitudes of vibration 
depending upon their travel direction (Section 4.4.3.7). In locations where vibration problems 
occur, it may be beneficial to determine whether the magnitude of groundbome vibration 
caused by the plant in use is dependent upon direction and, if so, to modify the operating 
method accordingly.
Some vibrating rollers are designed to shut down the vibratory mechanism when the travel 
speed drops below a particular magnitude. While this may be advantageous in eliminating 
vibration at low travel speeds, the shut down and subsequent restart may give rise to transient 
elevated levels of vibration as the eccentric mass is accelerated to its operational fi'equency 
(Section 5.4.4). These transients could be more intmsive than the elevated magnitudes caused 
by low travel speeds because the occurrence of low fi'equency vibrations ofl;en leads to a lower 
rate of attenuation, making vibration problems more widespread, as also occurs for vibratory 
piling (Section 6.3.3). Unlike vibratory jfile drivers, vibratory compaction plant are not 
currently available vrith mechanisms which minimise vibration during the fi'equency sweep at 
start up and run down. Starting and stopping of the vibratory mechanism should therefore be 
undertaken remote fi'om sensitive locations, whenever possible.
6.3.5 Site specific vibration assessments
Preliminary prediction of vibration magnitudes which may arise fi'om construction activities can 
be made using the methods proposed in Section 6.4. However, because of the scatter inherent 
in groundbome vibration data and the variability between sites, such assessments may be 
inconclusive: situations will arise in which the predicted magnitudes of vibration are neither 
definitely problematic nor do they clearly require no further consideration. A site specific study 
may therefore be required ahead of the main civil engineering works to characterise the 
propagation characteristics of the ground and to determine the magnitude of vibration which 
will arise fix)m the type of plant intended for use on the site.
Where percussive plant are to be used, impulsive energy sources should be used to assess the 
propagation characteristics of the ground. Percussive sources cause vibration which contains 
fi'cquencies dominated by the preferred fi'equency of the ground. Where vibratory sources are
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to be used, the rate of attenuation of the groundbome vibration generated vrill be affected by 
the frequency of the vibrator. Predictive experimental work should therefore include use of 
vibrators operating at a frequency similar to that to be used in the main works. If the operating 
frequency of the plant to be used is not known at the investigation stage, then attenuation of 
a range of frequencies should be measured, if possible. Consideration should be given to the 
attenuation of vibration during the frequency sweep at start up and run down of vibratory plant.
6.4 Prediction of groundbome vibration from mechanised construction works
This Section provides empirically based predictors and guidance on their use for the four types 
of constmction activity which have been the subject of the current research. To address a 
limitation of many of the previously published predictors, recommendations are made on the 
range of applicability of the predictors proposed here.
6.4.1 Dyhamic compaction
Mayne (1985) presented vibration data from a number of sites, plotted as resultant ppv against 
the scaled energy (after Mss 1967). An upper bound to these data (Section 2.5.1) was 
presented by Mayne (1985) to be used as a groundbome vibration predictor (Equation 2.7). 
Recasting Equation 2.7 to give a prediction based on the potential energy of the raised tamper 
Wh (in joules) to be in the same form as that used for prediction of vibration from percussive 
piling, yields (Hiller and Hope 1998);
'  ----- 11.7
V _  ^0.037res [6.3]
Mayne pointed out that Equation 2.7 (and hence Equation 6.3) was conservative for the largest 
tampers and the greatest heights of drop. For example, the largest energy in the data set used 
by Mayne was W^, = 12MJ {m = 40.5t; h = 30.5m), for which Equation 6.3 predicts a ppv at 
20m of240mm/s. The field data presented by Mayne (1985) show that the actual ppv at 20m 
on this particular site was approximately 70mm/s. Although not mentioned by Mayne, the 
highest groundbome vibration levels for a given value of {mh^ld were attained at the sites 
where the lowest energies were used, typically around Wf, -  O.IMJ (7.It dropped from 1.5m). 
There is a general trend in Mayne’s data which suggests that for energies less than 
approximately 0. IMJ, Equations 2.7 and 6.3 may under estimate the vibration magnitude which 
would arise.
At the Snodland site (Section 3.2.2) a lOt tamper was dropped from drop heights ranging from 
2m {Wh = 0.2MJ) to 10.4m {Wf, = l.OMJ). The vibration data from two profiles at Snodland 
are presented in Figure 6.2, as the ratio of the measured ppv to the ppv predicted by Mayne’s 
equation (Equation 2.7), plotted against the nominal energy There is a large scatter in
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the data for each value of because data are presented for several impacts for each drop 
height (see Section 4.1.1) and from a large range of distances. Nonetheless, Figure 6.2 shows 
that as the nominal input energy decreases. Equation 6.3 increasingly underestimates the actual 
vibration magnitude observed in the field.
With reference to Figure 6.2, the data from the Snodland site are mostly underestimated by 
Mayne’s equation (Equation 2.7) for the whole range of nominal energy inputs used. The 
predicted values for the greatest nominal energy (l.OMJ) are the closest to the measured values. 
The data acquired within the current study from Coventry were from dynamic compaction using 
similar nominal energy (fi^ = 0.8MJ and l.OMJ) to the highest energy used at the Snodland 
site. The vibration magnitudes for these energies were predicted reasonably well by Mayne’s 
equation (Figure 6.3). Figure 6.4 presents vibration data reported by Allen (1996) from a high 
speed dynamic compactor and the predicted magnitude of vibration determined from 
Equation 2.7 (after Mayne 1985). The high speed dynamic compactor is a relatively low 
energy (<0.1MJ) device, and the data in Figure 6.4 are for nominal energies ranging from 0.03 
to 0.08MJ. All the data from the operation of this plant plot well above Mayne’s upper bound 
line.
From the data presented in Figures 6.2, 6.3 and 6.4 it can be concluded that Equation 2.7 and 
Equation 6.3 can be used to provide an estimate of vibration which will arise from dynamic 
compaction in which the nominal energy exceeds l.OMJ. Equations 2.7 and 6.3 should not be 
used for the prediction of vibration arising from dynamic compaction which uses nominal 
energy levels of less than 1 .OMJ. As the nominal energy level increases beyond 1 .OMJ, either 
by increasing the height of drop or by using a heavier tamper. Equations 2.7 and 6.3 appear to 
become increasingly conservative.
On the basis of the data from the current study and those presented by Mayne (1985), the range 
of offset distances over which Equations 2.7 and 6.3 are applicable is from approximately 5m 
to in excess of 100m. The Snodland data are compared with the vibration magnitudes predicted 
by Equation 2.7 and 6.3 in Figure 6.5. Remote from the source the vibration data plot above 
the prediction line, which indicates that these equations should be used with caution at greater 
distances. The rate of attenuation at Snodland was lower than that observed by Mayne (1985), 
which leads to Equations 2.7 and 6.3 underestimating the vibration magnitude at large 
distances. It is unlikely that prediction of vibration for distances closer than 5m from dynamic 
compaction will be required in practice because of other practical considerations 
(Section 6.3.1).
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6.4.2 Percussive pile driving
Percussive piling is the mechanical civil engineering activity for which the most literature 
relating to magnitudes of groundbome vibration is available and several empirical predictors 
have been proposed in the literature (Section 2.5.2). Within the current study, data have been 
acquired which have made it possible to suggest some modifications to the available predictors 
and to comment on their range of applicability. Many of the existing predictors have been 
based only on distance and nominal energy input (for example Attewell and Farmer 1973; 
British Standards Institution 1992b; Attewell et al 1992a,b). It is clear both fi'om the literature 
and the data acquired during the current study that there is also a need to make provision for 
the effects of different ground conditions, as has been proposed by Whyley and Sarsby (1992) 
and CEN (1998).
The effect of the resistance to pile driving on the ppv was demonstrated by the field data fi'om 
the A47 site (Section 4.2). Data fi'om the site are presented in Figure 6.6, together vrith the 
vibration magnitudes predicted for different ground conditions by Whyley and Sarsby (1992) 
and CEN (1998). The field data are subdivided according to the depth to which the pile had 
been driven. It is evident firom Figure 6.6 that, had the piles been driven to less than their 
design depth, the maximum magnitude of groundbome vibration attained would have been less 
than the maximum which was recorded.
From Figure 6.6 and fi'om the data fi'om other sites in the current study, presented in 
Figure 4.2.8, it is apparent that the vibration magnitude increases with increasing pile toe depth. 
In Section 6.3.1 it was suggested that the vibration magnitude increased as the amount of 
penetration achieved by each blow decreased. In general, the maximum vibration at any 
distance fi'om the pile toe would be expected at the end of any particular pile drive. It is 
suggested that there are two different situations which must be considered when predicting the 
magnitude of groundbome vibration which will arise firom percussive piling:
i) Situations where the magnitude of groundbome vibration needs to be known where the 
piles are not driven to refiisal. Examples of this situation are sheet piles, which are 
typically driven to a prescribed depth irrespective of the set; or bearing piles which are 
driven past a subsurface stmcture, such as a pipeline or tunnel, part way through a drive
ii) Situations where end bearing piles are driven to refusal or to a required set which is 
close to zero.
For the first case, the ground properties are considered to determine the amount of penetration 
of the pile per hammer blow which can be achieved for a given nominal energy. As the amount 
of penetration per hammer blow decreases the vibration magnitude is expected to increase 
(Section 4.2.1). It is therefore necessary in this situation to consider the effect of the ground 
conditions on the magnitude of groundbome vibration, in the way proposed by Whyley and
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Sarsby (1992) and CEN (1998). For example, if the pile toe at the depth for which the 
vibration magnitude needs to be known will be in stiff clay or dense sand, the vibration 
magnitude would be expected to be greater than when the pile is penetrating soft clays or loose 
sands.
In the second situation, when end bearing piles have been driven to refusal, there is no 
penetration of the ground achieved at refusal and therefore for a given driving energy the 
vibration magnitude at any slope distance from the pile toe will be expected to be a maximum 
for the drive (Figure 4.2.7). The vibration at any distance from the pile (except at short range, 
as discussed later in this Section) will be a maximum at the end of driving and the different 
penetration rates which influence the vibration magnitude when piling in different geomaterials 
will not be relevant. At refusal, some differences in vibration magnitude between different 
materials at foundation depth may occur because of the influence of the acoustic impedance 
mismatch between the pile and the ground on the transmission of energy from the pile into the 
ground (Section 4.2.2). For frictional bearing piles, since driving will be continued until the 
penetration per blow is reduced to a specified level, the highest vibration arising may again be 
expected at the end of driving. However, there are no field data available from the current 
study for vibration from frictional bearing piles to verify this.
The relation between the magnitude of groundbome vibration on the penetration per blow 
suggests that the variation of k  (Equation 2.4) for piling in different geological materials 
(Whyley and Sarsby 1992; CEN 1998) may only be applicable to case (i) considered above, that 
of piles which are not driven to refusal. For piles driven to refusal (case (ii) above), a broadly 
similar maximum level of vibration might be expected for a given driving energy, irrespective 
of the ground type, except for differences caused by different acoustic impedances of the 
ground and the pile materials.
In the majority of the piling vibration predictors available in the literature, the vibration 
magnitude is assumed to attenuate directly according to the inverse of the distance from the 
source. For all the percussive piling sites from which data have been acquired during the 
current research, the attenuation index (â) has been found to be greater than unity. The rate 
of attenuation determined from the combined data from all sites in the current study was 
where s is the slope distance from the pile toe to the point of interest.
The data from the A47 site plotted as a reasonably straight line for any toe depth when plotted 
as ppv against slope distance from the pile toe. The exception to this is those data from closer 
to the pile than where the local maxima arose, a distance measured along the ground surface 
which is approximately equal to the pile toe depth. The data acquired close to the pile are of 
lower magnitude than those which would be predicted by extrapolation of a power law relation 
between resultant ppv and the slope distance (5) determined from more distant field data.
299
Plotting the field data against the horizontal distance {d) firom the pile, a curvature becomes 
apparent. It has been suggested (Section 5.2.3) that the spatial distribution of vibration 
magnitudes may be a result of surface wave development, as described by Nakano (1925; cited 
by Ewing et al 1957) and mode conversion (Pekeris and Lifson 1957). To use a propagation 
path of the form attributed to Nakano as a basis for routine vibration prediction is impractical 
because of its complexity and the need for knowledge of the compressional and surface wave 
propagation velocities.
The range of distances fi'om the pile at which the published predictors are applicable has not 
always been made clear in the literature. In particular, the reduction in the vibration magnitude 
which occurs very close to the pile has not been widely considered. CEN (1998) required that 
the predictor proposed is not used within 5m of the pile. British Standards Institution (1992b) 
used the horizontal distance {d) in the predictor but required that the slope distance to the pile 
toe (s) should be used for d  less than the pile toe depth.
Various authors (for example, Zeevaert 1950; Robinsky and Morrison 1964; Kishida, 1967; de 
Mello 1969) have reported that a zone exists around piles where ground deformations are 
dominated by anelastic behaviour. Since ground vibmtions are elastic deformations, vibration 
predictors are unlikely to be applicable vrithin the zone where anelastic deformations dominate. 
The anelastic zone may extend to a distance of several pile diameters, depending upon the soil 
type (Section 5.2.2.2).
On the basis of the observations made in this Section, it is suggested that the existing predictors 
for estimating vibration arising from percussive pifing should be modified to the relation given 
in Equation 6.4. The ranges for the parameters ’within which this relation is applicable are given 
in the subsequent paragraphs.
where is the resultant ppv (mm/s);
W is the nominal energy per blow of the percussive pile driver (joules);
s is the slope distance fi'om the pile toe to the point of interest (m) ; and
kp is an empirical scaling factor (Table 6.1) for percussive piling (mm/s. m ’^V ^ j.
Equation 6.4 has been derived fi'om data fi'om pile driving using hammers with nominal energies 
vrithin the range of 1.5 to 85kJ per blow. Prediction of vibration arising fi'om hammers with 
nominal energies outside this range may be unreliable.
The data fi'om the current study were acquired at distances {d) measured along the ground 
surface fi'om Im to 111m and for pile toe depths (Z) fi'om Im to 27m. The predictor may
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Ground conditions kp (mm/s. m^  W ^)
All piles driven to refusal. 5
Pile toe being driven through:
Very stiff cohesive soils;
Dense granular soils;
Fill containing obstructions which are 
large relative to the pile cross section.
3
Pile toe being driven through:
Stiff cohesive soils;
Medium dense granular soils; 
Compacted fill.
1.5
Püe toe being driven through: 
Soft cohesive softs; 
Loose granular softs; 
Loose fill;
Organic soils.
1
Table 6.1 Values of kp for use in Equation 6,4 for percussive piling in various conditions.
therefore be applied for values of the slope distance (j") corresponding to these ranges of L and 
d. Ho’wever, on the evidence of the new data. Equation 6.4 may be conservative if applied 
closer to the pile than the distance at which the local maximum arises. This maximum occurred 
at a distance d  approximately equal to the pile toe depth. Within the zone around a pile where 
ground movements are dominated by anelastic deformations, permanent ground strains are 
more likely to be problematic than are elastic deformations. Although the toe of the pile is 
considered to be the source of vibration in this predictor, the zone around the pile which 
undergoes permanent deformations extends along the whole length of the pile shaft and 
therefore may be approximated to a cylinder. The predictor may not be reliable within this 
cylindrical zone of plastic deformation.
The suggested Values of kp are presented in Table 6.1. Note that Equation 6.4 is dimensionally 
incorrect (Section 2.5.2) so the values of kp are specified appropriate for the units for the other 
parameters in Equation 6.4. Insufficient new data have been acquired during the current study 
to enable values of kp to be determined directly firom the data. Consequently, the values of kp 
specified in Table 6.1 for the various ground conditions have been calculated such that the value 
of at a distance (i-) of 10m equates to the less conservative of the values for each of the 
ground classifications given by Whyley and Sarsbÿ (1992) and CEN (1998). A distance of 1 Cm 
was used as the datum distance for two reasons. Firstly, at distances measured along the 
ground surface {d) of less than approximately 10m fi'om the pile the relation between and 
d  is often different to that at greater distances (Section 5.2.5). Secondly, the CEN document 
does not state the range of distances fi'om which the data used to derive the predictor were 
acquired. However, consideration of historic data in the literature revealed that most of the
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field data were determined at distances of less than 20m (Head and Jardine 1992). Seventy per 
cent of the data in the database compiled by Head and Jardine were from within 20m of the pile 
and had a median distance of 11m. The value of kp for piles driven to refusal has not been 
specified elsewhere and has been determined from the new data. A value of kp of 5 predicts 
magnitudes of vibration which were exceeded by only a few data points from the data acquired 
during the current study.
Equation 6.4 and Table 6.1 yield vibration magnitudes which are unlikely to be exceeded in 
most cases. In general, the highest vibration level at any slope distance fi'om the toe arises 
when the püe is driven to its maximum depth. The value of kp for use in Equation 6.4 should 
therefore be selected for the material encountered when the püe is fiiUy driven and predictions 
should be based on the corresponding distance. Equation 6.4 and the values of kp fi'om 
Table 6.1 are compared with the field data fi'om the current study in Figure 6.7.
For estimation of the vibration magnitude which may occur part way through a drive, a 
knowledge of the soft profile is required. The appropriate value of kp for the soft encountered 
at the pile toe can then be selected for the ground condition at that depth. Further research is 
required to establish the relation between nominal energy, the amount of pile penetration per 
blow and the nominal energy input.
6.4.3 Vibratory pile driving
The empirical equations which have been published elsewhere for the prediction of vibration 
fi'om vibratory piling have adopted a similar approach to that used for percussive piling. In 
particular, the nominal energy term has been taken to be the energy per cycle of the vibrodriver 
(Section 2.5.2). Figure 6.8 compares the data acquired during the current study with the 
available predictors. These predictors provide a reasonable approximation to the new field data 
because they were derived by fitting curves to a large volume of field data. It would therefore 
be expected that the derived curves would generally provide a reasonable fit to field data fi'om 
any fiirther sites. However, it has been demonstrated in Section 4.3.1.1 that the vibration 
magnitude occurring at any distance from a vibratory driven pile is independent of the 
vibrodriver energy rating. Therefore, an equally good fit would have been expected if the 
predictors presented by earlier workers and the data fi'om the current study had been compared 
using relations which excluded the nominal energy per cycle.
The principal factor governing the magnitude of groundbome vibration arising fi'om vibratory 
piling appears to be the resistance to driving, which is related to the soft type (Section 4.3.2). 
In the present study, the field data for vibratory piling were acquired in such a way that it was 
not possible to investigate in detail whether a relation exists between any soft parameters and
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the vibration magnitude, but there is an indication that the ppv is greater in cohesive soils than 
in granular soils.
The field data presented by Uromeihy (1990) and those acquired during the current study 
contain a scatter which covers more than an order of magnitude of ppv at any distance fi’om the 
pile (Figure 4.3.1). It has also been found that, during any particular pile drive, the vibration 
magnitude is highly variable (Section 4.3.2), although it has not been possible to determine 
which parameters influence the vibration magnitude at the source. It is therefore proposed that 
a simple empirical relation between the resultant ppv and the distance fi'om the pile is fitted to 
the combined data fi'om Uromeihy (1990) and the current study, with a range of probabilities 
determined which indicate the likelihood that the predicted magnitude would be exceeded.
The field data presented in Figure 4.3.1 contains 1282 observations firomthe current study and 
fi'om Uromeihy (1990), with driver energies of between 1.2 and 10.7U per cycle. From the 
results of a least squares regression analysis of these data, an estimate of the resultant ppv (v^ ^^  
in mm/s) likely to arise during vibratory piling at a distance measured along the ground surface 
{d in m) may be obtained firom the relation:
[6.5]
where 6= has an empirically determined value, as presented in Table 6.2; and
Ay = 60mm/s.m‘^ , with a 50 per cent probability of the prediction being exceeded; 
Ay=126mm/s.m‘^, with a 33.3 per cent probability of the prediction being exceeded;
Ay =266mm/s.m‘^, with a 5 per cent probability of the prediction being exceeded.
Equation 6.5 has been derived fi'om the combined data fi'om Uromeihy and fi'om all the new 
data acquired during the current study. The data acquired during the current study included 
data fi'om steady state driving and fi'om the transient high levels of vibration which occur during 
the start up and run down periods of operation (Section 4.3.1.4). It is not clear whether
Intercept (Ay) Attenuation 
index (<^
Number of 
observations
Coefficient of 
determination (R ;^ %)
All operations 60mm/s.m*^ • 1.3 1281 78.2
Start up and run 
down
55mm/s.m^^ 1.2 445 71.6
Steady state 
operation
69mm/s.m*'‘ 1.4 284 76.9
Table 6.2 Results of regression analyses to determine the values of the parameters in 
Equation 6.5 for vibratory piling.
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Uromeihy (1990) included data from starting and stopping vibrodrivers in the database. 
Equation 6.5 is applicable to the prediction of vibration which includes start up, steady state 
and run down operations. The prediction curves for three levels of probability that the 
predicted ppv will be exceeded, calculated using a value of ô of 1.3 (Table 6.2), are compared 
with the field data from the present study and from Uromeihy (1990) in Figure 6.9.
The data from steady state driving and those from the transient start up and run down periods 
acquired during the current study have also been analysed, with the transient and steady state 
vibration levels being considered separately. If the transient periods of vibrodriver operation 
are avoided by the use of a resonance-free vibrodriver, then an attenuation rate based on steady 
state driving would be appropriate. Similarly, if a prediction of the vibration which may be 
caused during the transient periods is required, a lower attenuation index than that for steady 
state driving is appropriate. From regression analysis of the data acquired during the current 
study for the start up and run down stages of operation ô was calculated to have a value of 1.2. 
For operations which excluded the transient stages, a value of <5 of 1.4 provided the best fit to 
the data (Table 6.2). Fewer data were available from the transient stages of operation than 
there were from the combined databases used to determine Equation 6.5. Since similar 
intercept values were determined for steady state operation, start up and run down operation, 
and for the whole data set (Table 6.2), it has been assumed that the values of given for 
Equation 6.5 are also appropriate to both continuous operation and to the starting and stopping 
events. The units of need to be changed according to the value of (5 in order to balance the 
dimensions. The field data and the separate predictors for transient and steady state operation 
are illustrated in Figure 6.10.
As for percussive piling (Section 6.4.3), the predictors for groundbome vibration arising from 
vibrodriving (Equation 6.5 and Table 6.2) may not be applicable within the zone where 
permanent ground displacements occur. The data on which the predictors are based extended 
to within Im of the pile (Figure 4.3.1) and plotted as a reasonably straight line on logarithmic 
axes. Equation 6.5 may therefore be used for prediction of vibration at distances from Im to 
100m.
6.4.4 Vibratory compaction
The only predictive equation for groundbome vibration arising from vibratory compaction in 
the literature (Wheeler 1990) related resultant ppv to the energy per cycle calculated from the 
engine output and the vibrator frequency. Analysis of the data from the current study showed 
that resultant ppv was better correlated with parameters other than the nominal energy per cycle 
(Section 4.4.2.1). The parameters upon which the ground vibration magnitude arising from 
vibratory compaction has been found to be mainly dependent are the nominal amplitude and the 
static linear load (Section 4.4.3). The following discussion on the derivation of prediction
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formulae is centred around these parameters and the correct specification of the rate of 
attenuation.
In Section 5.4.3 the shape of the attenuation curve determined for the Bomag BWl 61 AD roller 
was demonstrated to be well represented by a relation which accounted for the size of the 
source of vibration and included an exponential attenuation component. However, fitting this 
form of curve to all the data fi*om the controlled roller trial resulted in only a small improvement 
in the correlation compared with that obtained by fitting a power law. It is therefore concluded 
that, for preliminary assessment of vibration, equations ofthe form proposed by Mintrop (1911; 
see Bomitz 1931) are not required and, in general, a power law may be used. For site specific 
vibration assessments, where it is possible to determine the attenuation properties of the 
particular site, use of a relation of the form attributed to Mintrop may prove to be more 
satisfactory than a power law, particularly where a large range of distances must be considered.
To determine a predictive relation fi*om data acquired during the current study, consideration 
has initially only been given to data fi*om normal (see Section 4.4) compaction passes fi*om the 
controlled trial. Basing the analysis on only these data restricted the number of variables which 
might influence the vibration magnitude. A number of empirical relations were considered, 
each having the form of Equation 6.6. This form of equation was used because it had been 
determined that the ppv increased with increases in both static linear load and nominal 
amplitude (Section 4.4.2). Furthermore, modification of the distance term by inclusion of the 
drum width provided a means by which a curvature could be introduced to the relation 
(Section 5.4.2) which reduced the over prediction of vibration close to the roller. For all 
rollers, the resultant ppv was normalised to that which would arise fi*om an equivalent tandem 
roller (v^ tandem)> ^y multiplying the ppv arising fi*om single drum rollers by a factor of V2, in 
accordance with the finding of Section 4.4.3.5. Thus, the form of equation used for this 
analysis was:
res,tandem r , r Ip [ 6 .6 ]
where C, q and p  are constants determined from the regression analyses and A^ is a parameter 
group, the composition of which was assigned a number of différent combinations of 
parameters to determine the best correlation with the field data. The composition of N  included 
an approximation of the potential energy (Cp, see Section 4.4.4.2); the product of the static 
linear load and the nominal amplitude; the static linear load; and the nominal amplitude. A was 
also assigned the product of the nominal amplitude and the static linear load, with separate 
indices determined for each parameter. The parameter d  is the distance from the Closest edge 
of the roller measured along the ground surface and is the width of the roller drum.
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A multiple regression analysis was undertaken to determine the relation between each 
parameter group based on Equation 6.6 and the resultant ppv arising from normal compaction 
passes during the controlled experiment. Each of these relations was subsequently compared 
with the combined data sets from the controlled trial and the live construction sites. The data 
from the live sites included rollers of types which had not been tested during the controlled trial, 
in particular a number of towed rollers. The use of a relatively simple expression, in which N  
(Equation 6.6) included only the nominal ançlitude (X) and the indices q andp  were combined 
so that they had the same numerical value, yielded a correlation with the combined data from 
the controlled trial and the live sites similar to that achieved using the more complex 
expressions (Table 6.3). The peak particle velocity used in Equation 6.6 during these analyses 
was normalised to that for a tandem roller. Based on the regression analyses and including the 
correction for the number of vibrating drums («^), the following relation was determined for the 
prediction of the resultant ppv (v^) arising from normal compaction passes:
X
d + L,
1.5
[6.7]
where: is the number of vibrating drums (1 ^ «^<2);
X  is the nominal amplitude (mm);
d is the distance along the ground surface from the nearest edge of the drum (m); 
Lj is the width of the roller drum (m); and 
is an empirical constant (m^ .^mm'^ .^s'^), the value of which is discussed below.
Coefficient of determination (R ;^ %)Parameter group
1.77
86.7
88.7
0.75
83.8
1.51
87.4d + L
T able 6.3 Results of regression analyses to fit equations determined from the data from normal 
passes in the controlled trial to vibration data from normal compaction passes on both live 
construction sites and the controlled trial (611 observations).
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Probability that predicted 
magnitude will be exceeded (%)
ks (Equation 6.7) 
(m* .^mm'® .^s’^ )
kt (Equation 6.8) 
(m^^.mm’®^ .s‘*)
50 75 65
33J 143 106
5 276 177
Table 6.4 Values of (calculated from 1176 observations) and (calculated from 141 
observations) for different probabilities that the predicted vibration will be exceeded.
For the transient events at start up and run down of the plant, the vibration magnitude 
attenuated more slowly than for the steady state vibration. A regression analysis was therefore 
undertaken on the field data from start up and run down of the vibrators, recorded while the 
rollers were travelling. This analysis was used to determine individual indices for Xand [d+L^\. 
The transients recorded while the rollers were stationary were not included since this is not 
representative of how plant are operated on site. The analysis of 123 observations from the 
transient operations yielded the following relation with a coefficient of determination of 92.4 
per cent:
j^l.5
[6.8]
By reference to Equation 6.7 and 6.8 it can be seen that the relation between andXwas the 
same for the transients during start up and run down as it was for steady state operation. The 
attenuation rate, defined by the index to the denominator was confirmed to be lower
for the start up and run down stages of operation than that during steady state operation. 
Provision of separate predictors for steady state and transient stages of operation may enable 
plant operators to determine locations where compaction may be undertaken with a particular 
roller, but within which starting and stopping the vibratory mechanism should be avoided.
There was considerable spread in the field data from compaction operations, arising through 
such factors as different fill types, site conditions and degree of compaction during each pass. 
Therefore, three values of k^  and A:, were calculated to define different probabilities that the 
calculated magnitudes of vibration would be exceeded. To achieve this, all the data from the 
controlled experiment and from the live sites were combined. Equation 6.7 was fitted to the 
combined data for normal compaction passes and Equation 6.8 was fitted to the combined data 
for start up and run down operations. Values for for continuous vibration, and A„ for start 
up and run down transients, with three levels of probability that the predicted ppv will be 
exceeded, are presented in Table 6.4. The steady state vibration predictor is compared with the 
field data from the controlled trial and some of the live construction sites in Figure 6.11.
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Figure 6.12 plots the magnitude of vibration predicted by Equations 6.7 and 6.8 using the 50 
per cent probability line in each equation, against the field data for normal passes (Figure 6.12a) 
and all other roller operations (Figure 6.12b). Data fi"om live construction sites and fi*om the 
cohtroUed trial are plotted on Figure 6.12. The data firom the controlled trial includes, plotted 
separately, the vibration arising when the rollers were stationary. Equations 6.7 and 6.8 were 
developed fi*om data which excluded stationary vibrator operations, since this situation would 
not normally occur during compaction works. The vibration magnitudes fi*om stationary 
operation of the rollers are underestimated by the predictor.
Figure 6.13 presents the ratio of the ppv predicted for 50 per cent compliance by Equations 6.7 
and 6.8 to the actual ppv, plotted against the distance firom the nearest edge of the drum. 
Figure 6.13 shows that the scatter is similar at all distances fi*om approximately Imto 11 Dm bqt 
there is a slight increase in the conservatism of Equation 6.8 as the distance increases.
The drum widths fi*om which these relations were determined ranged from 0.75 to 2.2m and 
the range of nominal amplitudes was from 0.4 to 1.72mm. Equations 6.7 and 6.8 provide a 
means of predicting magnitudes of groundbome vibration from vibrating rollers operating at 
distances of between 2m and 110m. As for all the prediction formulae presented here, these 
predictors should be applied with caution to distances and plant specifications outside the limits 
for which the relations were determined.
6.5 Suggestions for further research
A number of issues have been identified during the current research which it has not been 
possible to resolve. For the reasons described in Section 2.6 the main focus of the data 
acquisition was on vibratory rollers so there were insufficient or inappropriate data to resolve 
issues which have arisen during the analysis of the data from other activities. Practical 
restrictions, particularly site access, meant that there was typically no opportunity to undertake 
further field work to investigate particular problems after they had been identified.
Dynamic compaction
Mayne (1985) proposed an empirical relation which may be used to predict groundbome 
vibration arising from dynamic compaction. It has been found that this relation becomes 
increasingly conservative as the nominal energy increases. This may be because the predictor 
uses a common index for both the distance term and for (m/z)  ^(Equation 2.7). Determination 
of different indices for the two parameters may improve the predictor. This would require 
either acquisition of a new database or reanalysis of the original data used by Mayne.
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The maximum depth of compaction may be predicted from the same parameters as used for 
prediction of vibration, namely the tamper mass and height of drop (Section 6.3.1). It has been 
proposed here that the ppv may therefore be predicted on the basis of the depth to which 
compaction is required. Since there is a large amount of scatter in the field data from which 
the vibration magnitude and the maximum depth of compaction were predicted (Mayne 1985), 
the relation between ppv and compaction depth requires validation.
Percussive piling
Predictors which provide an estimate of the maximum vibration magnitude from percussive pile 
driving may be over conservative when the pile is partially driven. Over prediction of vibration 
is particularly great at close range, even if the slope distance to the pile toe is considered. 
Reliable prediction of vibration close to the pile may be particularly important for piles which 
pass close to underground structures such as pipelines or tunnels. A determination of the 
relation between the magnitude of vibration, represented by kp (Equation 6.4), the penetration 
per blow and the nominal energy of the pile driver would progress this issue. A combination 
of ground surface and subsurface measurements of vibration would be particularly beneficial.
High frequency vibration events were observed on many of the signals acquired from percussive 
piling but their source was not identified. Possible sources which were considered during the 
current study include lateral whipping of the pile; end to end reverberation of stress pulses 
within the pile; and elastic oscillation of the pile in the ground when it has reached the limit of 
its permanent travel for each blow. None of these were investigated by field measurement 
during the present study. Comprehensive instrumentation of a pile may resolve this issue. A 
combination of strain gauges and accelerometers attached to the pile, with simultaneous 
measurements made of the groundbome vibration, could provide appropriate data. Very high 
frequency (of the order of 1 Os of kHz per channel) sampling may be required for measurements 
made directly on the pile.
Vibratory piling
The magnitude of vibration arising from vibratory pile driving has been found to be highly 
variable but the cause of that variability has not been identified. However, the variability 
appears to be caused by changes in the resistance to driving, particularly resistance between the 
pile shaft and the ground. To investigate this ftirther requires detailed studies on a site at which 
a thorough knowledge of the ground conditions is available. Continuous records of the 
vibration and synchronised careful logging of the depth to which the pile has been driven are 
required. A controlled experiment in which individual parameters could be varied would permit 
the influence of each to be investigated. For example, the driving of a variety of different size 
and shape piles on the same site, each with a range of different driving energies would be a
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useful contribution to resolving the influence of the pile properties. A similar exercise 
conducted on a number of sites with different geologies would enable investigation of the 
effects of geology. Numerical modelling of vibrodriving, validated by field data, may further 
assist in understanding the processes of groundbome vibration generation and so aid the 
development of reliable vibration prediction methods.
Vibratory compaction
The amplitude of vibration of the vibrating drum is the most significant parameter in defining 
the magnitude of ground vibration which arises fi"om vibratory compaction. The properties of 
the soil also influence the vibration magnitude. It was found during the current study that the 
stiffiiess of the soil may be significant, but the field data also indicated that this was not the only 
influential parameter. Further work focusing on the influence of the soil properties may 
improve the reliability of vibration predictions. This could be accomplished by undertaking 
measurements of the stiffiiess and damping properties of the soil at the time the compaction is 
undertaken.
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Figure 6.1 Relation between the magnitude of vibration generated by dynamic 
compaction works and the maximum depth of influence of the compaction 
according to Equation 6.2.
311
I
1
T3
2^
CL
I
I
.a
O
>-
1
10_
>*-
%
£Q)U)
o
3.5 
3
2.5 
2
1.5 
1
0.5
3.5 
3
2.5 
2
1.5 
1
0.5
0
1
(a) Profile 1
•
8
•
1
•
% :  i  • m
#
#
*
:
•
#
#
8
I
...1 ............... 1:1
8
............m.....8"
•
j. 1 1 1 1 1 1 1 1
i
8
1
0.2 
i 1
0.4 0.6 0.8 
Potential energy, Wu(kJ)
1 1 1 1 1 1
1.0
1
1 2 3 4 5 6 7 8 
Drop height, h (m)
9 10 11
8•• (b )  Profile 4
•#
*
#
#
%
1
t
8•
#
8*
1:1
8
1
#
1 1 1
t
11 1 1
8
#
1 1 1 1 •
0.2 
1 I
0.4 0.6 0.8 
Potential energy, W^(kJ)
1 1 1 1 1 ___ i_
8
1.0
1
2 3 5 6 7 8
Drop height, h (m)
10 11
Figure 6.2 Comparison of the resultant peak particle velocity recorded at two of the 
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tamper dropped from different drop heights.
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Figure 6.3 Comparison of the resultant peak particle velocity recorded at Coventry 
for impacts with an 8.5t tamper with the predicted vibration calculated using 
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Figure 6.4 Comparison of field data from the high speed dynamic compactor (Allen, 
1996) and the ppv calculated from Equation 6.3 (after Mayne, 1985) for a It tamper 
dropped from 1.2m. Symbols represent three different sites from Allen, showing 
consistency of the data.
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Figure 6.9 Field data from all vibrodriving sites in the current study and those from 
Uromeihy (1990) compared with vibration levels predicted using the proposed predictor 
(Equation 6.5).
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7 CONCLUSIONS
This thesis has considered groundbome vibration and its prediction for four mechanised 
constmction activities: dynamic compaction, percussive piling, vibratory piling and vibratory 
compaction. The following conclusions have been reached.
7.1 Chapter 2
Chapter 2 presented a review of national standards which prescribe acceptable levels of 
groundbome vibration and the literature containing guidance on the prediction of groundbome 
vibration from mechanised constmction plant.
A review and comparison of national standards which prescribe thresholds for human 
perception and the onset of damage to stmctures was presented. This showed that the 
perceptible magnitudes of vibration are considered to be approximately the same in all the 
countries for which information was available. However, the magnitude of vibration to which 
the occupants of domestic buildings can be exposed differed between countries, being lowest 
in the USA.
Comparison of perception and damage thresholds showed that vibration is perceptible at much 
lower particle velocities than those which are considered to cause damage to stmctures. There 
are approaching two orders of magnitude difference in the perception and vibration induced 
damage thresholds provided by the British Standards.
Thresholds for the onset of damage to residential stmctures from eight countries and in Europe 
were compared. The damage thresholds accepted in the countries considered differ by a factor 
of up to five. Guidance in the UK is provided by two British Standards which differ by a factor 
of 2.5. Damage thresholds in India and those provided by the less conservative of the relevant 
British Standards (British Standards Institution 1993) are the least stringent of those 
considered. The most conservative are those which are extant in Switzerland and the European 
guidance provided by CEN (1998).
A number of empirical relations have been proposed in the literature for prediction of 
groundbome vibration from percussive piling. These were based on the nominal energy of the 
hammer and the distance from the pile. In the literature, this approach to prediction has been 
adapted for use for vibratory piling by replacement of the hammer energy term with the nominal 
energy per cycle of the vibrodriver. However, no evidence is provided in the literature to 
support the suggestion that the magnitude of groundbome vibration from vibrodriving is related 
to the nominal energy per cycle.
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Some of the predictors of the vibration arising from percussive piling include a dependency on 
the type of ground into which the piles are driven. For vibrodriving, no discussion exists in the 
literature on the effect of geology on groundbome vibration. None of the published vibration 
predictors for vibration from vibrodriving include a dependency on the geology.
Groundbome vibration from dynamic compaction has been considered in the literature to a 
lesser extent than piling and only one predictive equation has been presented. Of the four civil 
engineering activities considered by the current research, the least attention has previously been 
given to the prediction of groundbome vibration from vibratory cbmpaction, despite there 
having been extensive research undertaken on the factors affecting the compaction performance 
of vibrating rollers. Consequently vibration from vibrating rollers was the subject of the 
majority of the data acquisition work during the current research.
7.2 Chapter 3
Chapter 3 described the field work undertaken to acquire groundbome vibration data. Data 
from piling and dynamic compaction were acquired with the objective of verifying the validity 
of those predictors which were available from the literature. A more comprehensive 
investigation was undertaken of vibration from vibrating rollers than those for the other 
constmction activities.
The acquisition of field data from vibratory compaction on live constmction sites presented 
several practical difficulties. Constmction of a test bed enabled groundbome vibration front 
vibrating rollers to be investigated in a more controlled environment than was available on live 
constmction sites. Furthermore, it was possible to measure changes in the density of the fill 
during this controlled experiment.
Spectral analysis of the data from percussive piling at the A13 site showed that the 
characteristic frequency of the site may have been below the operating range of the geophones. 
The peak particle velocities recorded at the A13 may therefore under represent the actual 
magnitude of vibration which arose. Care should be exercised when undertaking vibration 
measurements to ensure that the frequency content is within the operational range of the 
acquisition system, particularly on soft ground sites.
7.3 Chapter 4
Chapter 4 considered the factors affecting the magnitude of groundbome vibration caused by 
the four constmction activities studied during the current research.
324
The peak particle velocity (ppv) arising during dynamic compaction from successive impacts 
of the tamper at each tamping location increased with each impact. It was conjectured that the 
increase in ppv corresponded with a decrease in the amount of compaction which was achieved 
by each blow. The magnitude of groundbome vibration from each impact during dynamic 
compaction may therefore be inversely related to the amount of usefiil work achieved.
The equation proposed by Mayne (1985) for the prediction of groundbome vibration from 
dynamic compaction was based on the mass and height of drop of the tamper. The data from 
the current research confirmed that the resultant ppv was approximately proportional to the 
square root of the potential energy of the raised tamper, although there was considerable 
variability in the sets of data.
For percussive piling, data acquired during the current study showed that the range of 
magnitudes of vibration on a site, at a given distance from the pile, could vary by up to an order 
of magnitude for a constant nominal energy input. The vibration level generally increased as 
a pile was driven. Since the set generally decreases as a püe is driven, the relation between the 
nominal energy and the resulting magnitude of groundbome vibration appears to be affected 
by the amount of penetration by the pile achieved by each hammer impact. The highest 
vibration levels from percussive piling arise when the set is a minimum. The relation between 
the ppv and the square root of the nominal energy of the hammer, used as a basis for vibration 
prediction in the literature, may therefore only be applicable for piles driven to refusal.
For vibratory piling, comparison of the ppv arising during driving and extraction of piles 
showed that the groundbome vibration was of a similar magnitude for both activities. It was 
concluded that the source of groundbome vibration during vibratory piling is the interaction 
between the pile shaft and the ground, with little contribution being made by the pile toe.
The vibration magnitude during vibrodriving generally increased as the pile was driven, 
although there was a considerable amount of variability in the vibration magnitude within this 
trend. In some cases, when the ppv increased, this was accompanied by a decrease in the 
operating frequency of the vibrator. The reduction of frequency was interpreted as indicating 
an increase in the penetration resistance. It was concluded that, as for percussive piling, the 
ppv increases as the rate of penetration decreases. However, measurements of the rate of 
driving were not undertaken to verify this.
Formulae available in the literature for predicting vibration from vibratory piling are based on 
the nominal energy per cycle of the vibrodriver. The current study has shown that there is no 
correlation between the vibration magnitude caused by vibrodriving and the nominal energy per 
cycle of the vibrodriver. It is recommended that the nominal energy per cycle of vibrodrivers
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should not be used as a parameter for the prediction of groundbome vibration from 
vibrodriving.
For vibrating rollers, there was a correlation between the energy per cycle and the observed 
ppv. However, other parameters were found to have a greater influence on the vibration 
magnitude.
It was determined from the literature that the efficiency of vibrating rollers for achieving 
compaction was primarily dependent upon the static linear load and the nominal amplitpde of 
the drum vibration. Furthermore, the compaction was increased by reducing the travel speed 
of the roller and by the use of a tandem roller rather than a single drum roller. Analysis of the 
vibration data during the current research revealed that the parameters which determined the 
efficiency of compaction also govemed the magnitude of groundbome vibration.
During the controlled experiment with vibrating rollers, the state of compaction of the fill was 
measured and the vibration magnitude was compared with the dry density of the compacted 
layer. This showed that the ppv increased as the state of compaction increased. When no 
fiirther increase in the dry density was achieved for a particular combination of roller, fill and 
moisture content, no change in the vibration magnitude occurred from subsequent passes 
undertaken using the same operating method.
The vibration arising from vibratory compaction of any type of fill appeared to be dependent 
upon the stiffiiess of the fill: the ppv appeared to increase with increasing stiffiiess of the fill, 
for any particular material. This relation did not hold when comparing different materials: 
comparison of vibration from compaction of different fill materials suggested that other 
parameters relating to the fill are also important. This issue has not been investigated further 
during the current study.
For compaction and piling operations, it is suggested that the magnitude of groundbome 
vibration reflects the inefficiency of the activity. The amount of energy which is available to 
be dissipated as groundbome vibration increases as the rate at which the objective of the 
operation is accomplished decreases.
7.4 Chapter 5
Chapter 5 considered the spatial distribution of magnitudes of vibration at the ground surface 
and how this distribution was affected by the size, shape and location of the source. The 
validity of usjng a power law to relate the ppv to the distance from the source was also 
investigated.
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The distribution of groundbome vibration has commonly been represented by a power law in 
the literature, giving a straight line plot of predicted ppv against distance on logarithmic axes. 
Regression analyses were undertaken to fit power laws and more complex relations to the field 
data acquired during the current research. These analyses showed that a power law ofl;en 
provides an adequate empirical representation of field data, provided that the range of distances 
from the source (in metres) does not exceed an order of magnitude. For data from a range of 
distances greater than an order of magnitude, curvature in the logarithmic ppv-distance plot 
ofl;en becomes significant. This curvature can be represented by the introduction of an 
exponential attenuation term.
Curvature in the logarithmic plot of ppv against distance can lead to over prediction of vibration 
if regression lines are extrapolated to distances closer to the source than the distance from 
which the data were acquired. Curvature at small distances arises because the vibration source 
has a finite size, which determines the shape of the wave form close to the source. The 
vibration at small distances may be also affected by a region of anelastic deformation close to 
the vibration source. The literature reports that the extent of the anelastic region is dependent 
upon both the type of plant and the geology. Within this zone of anelastic deformation, 
attenuation relations determined from groundbome vibration within the region dominated by 
elastic deformation may not be applicable.
The rate of attenuation of groundbome vibration was found to be greater than the theoretical 
rate of attenuation caused by geometric spreading. Frequency dependent attenuation and 
separation of the constituent wave modes due to their different propagation velocities causes 
the rate of attenuation to increase with increasing distance from the source.
The frequency dependency of attenuation affects the attenuation of vibrations which arise 
during the start up and mn down of vibratory plant. Ground vibration data were acquired 
during the startup, steady state operation and run down of vibrodrivers and vibrating rollers. 
Vibration during the frequency sweep during the start up and run down stages of operation are 
attenuated less rapidly than the vibration during steady state operation. The ratio of the ppv 
during the transient vibration to that during steady state operation therefore increases with 
increasing distance from the source. Close to the sourqe, the vibration amplitude was only 
slightly greater during the transient stages than that during steady state operation.
The observed curvature in logarithmic plots of field data presented as resultant ppv against 
distance makes it essential that, during site specific vibration assessment, measurements include 
the whole range of distances for which the vibration needs to be predicted. Furthermore, where 
vibratory plant are to be used, the rate of attenuation of vibration with the same frequencies as 
those which will be generated by the operation of the constmction plant should be determined. 
Attenuation during start up and run down of vibratory plant should also be assessed.
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For percussive piling, plotting the ppv against the slope distance from the pile toe on 
logarithmic axes yielded an approximately straight line distribution for data from distances 
measured along the ground surface which were greater than the pile toe depth. At a distance 
measured along the ground sur&ce approximately equal to the pile toe depth a local maximum 
was observed to occur in the ppv against distance plot. It is proposed that this peak vibration 
occurs not because the vibration at this distance is anomalously high, but because the vibration 
magnitude diminishes as the pile is approached. The occurrence of this local maximum can 
therefore be explained without the need for superposition of vibration from the shaft and from 
the pile toe, which is how the presence of the local maximum has been explained in the 
literature.
Closer to percussively driven piles than the local maximum, the distribution o f vibration 
magnitudes at the ground surface was found to be complex: the ppv first decreased and then 
recovered as the pile was approached. It is proposed that this distribution arises in part through 
the process of surface wave generation. The literature reports that surface waves do not occur 
close to the epicentre of a subsurface source (in this case the pile toe) but first emerge at a 
distance which is determined by the compressional and surface wave propagation velocities. 
Furthermore, surface waves do not achieve their maximum amplitude at the point at which they 
first appear. Surface wave generation by subsurface sources may therefore gives rise to an 
increase in ppv with increasing distance until a maximum is reached, beyond which the 
magnitude decreases.
In addition to the main vibration event, high frequency transient vibrations were observed to 
arise from percussive piling. The high frequency events propagated through the ground at a 
greater speed than the main vibration wavetrain. The high frequency events therefore only had 
an effect on the distribution of the vibration magnitudes close to the pile, where they arrived 
superimposed on the main, lower frequency vibration. The source of these high frequencies 
was not identified.
7.5 Chapter 6
Chapter 6 brought together the findings from Chapters 4 and 5, supported by the evidence from 
the literature (Chapter 2), to enable predictors to be proposed for the preliminary estimation 
of groundbome vibration from the four constmction activities considered during the current 
research. Identification of the factors affecting vibration from each constmction activity also 
enabled suggestions to be made of how vibration magnitudes can be restricted by the use of 
appropriate operating methods.
The ppv of vibration arising from dynamic compaction was confirmed to be dependent upon 
the potential energy of the raised tamper. The literature revealed that the required depth of
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compaction is also dependent upon the potential energy of the tamper. It was therefore 
suggested, but not verified, that the magnitude of groundbome vibration may be predicted on 
the basis of the specified depth to which compaction is required.
Successive impacts at each location during dynamic compaction were found to give rise to 
increasing magnitudes of vibration for a constant potential energy. It was therefore suggested 
that it may be possible to restrict vibration levels by the use of a large input energy for the first 
impacts, followed by further impacts using a lower potential energy.
The nominal energy of percussive pile drivers has been widely used in the literature as a basis 
for vibration prediction. For any percussive piling operation, the ppv was found to be 
dependent not only upon the nominal driver energy but also upon the depth to which the pile 
was driven. From the evidence from the A47 site, this was interpreted as indicating that the 
ppv was inversely related to the set. Modifications to the driving process which increase the 
set achieved by a constant nominal driving energy, such as pre-augering, should therefore 
reduce the vibration magnitude caused by percussive piling.
For vibratory plant, the vibration during start up and mn down stages of operation generally 
attenuated less rapidly than the vibration during steady state operation and therefore have the 
potential to cause disturbance over a greater distance than do the steady state vibrations. 
Vibrodrivers are available which can be operated so that groundbome vibration is minimised 
during these transient phases and which may therefore be used to restrict disturbance. No 
vibratory compaction plant which has this capability is currently available.
Groundbome vibration arising from the operation of tandem rollers was found to be a factor 
of \/2 greater than that caused by single drum rollers with otherwise similar specifications. The 
magnitude of groundbome vibration at a site can therefore be reduced by use of single drum 
rollers. The reduction in the number of passes required to compact fill using a tandem roller 
would not fully compensate for the increased vibration magnitude if an intmsion assessment is 
made on the basis of the vibration dose value.
Predictive equations have been proposed which can be used to make preliminary estimates of 
the magnitudes of vibration which may arise from the four civil engineering activities considered 
in the current research. These are summarised in Table 7.1. The predictors are only valid 
within the ranges of the parameters from which they were derived. Outside these limits the 
predictors may be unreliable. The variability inherent in ground vibration field data means that 
the predictors should only be used for preliminary vibration assessments. Where the formulae 
predict a value for which there is a possibility that damage or intmsion may occur, the 
prediction may need to be verified by site trials.
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With the exception of vibrodriving, for which fiirther investigation is required to determine the 
parameters which affect the vibration magnitude, the predictors in Table 7.1 include variables 
relating to the plant or its operation. The predictors have been developed with a view to their 
ease of practical application by making use of information which is readily available from the 
plant manufacturers’ literature.
Vibration magnitudes can be reduced in sensitive locations by the appropriate phoice o f plant, 
but it will be necessary to ensure that, as well as satisfying thfe vibration requirements, plant is 
selected which is capable of achieving its required primary function.
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Appendix B  
Illustrations o f vibrating rollers
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Appendix C 
Vibration databases
The field data acquired during the course of this research are presented in digital format on a 
compact disc. This method of presentation provides a more practical format than printed text 
because it reduces the number of printed pages in the thesis and makes the data more accessible 
to other researchers.
The root directory of the compact disc contains an ASCII text format file named 
README.TXT which provides an introduction to the databases, including a key to explain the 
numeric codes used to classify some of the variables. The data are stored as a series of LOTUS 
1-2-3 Vl.O spreadsheet files.
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